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PREFACE 


Te present work is an extension and elaboration of a 
course of lectures on Non-Euclidean Geometry which I 
delivered at the Colloquium held under the auspices of the 
Edinburgh Mathematical Society in August, 1915. 

Non-euclidean geometry is now a well-recognised branch 
of mathematics. It is the general type of geometry of 
homogeneous and continuous space, of which euclidean 
geometry is a special form. The creation or discovery of 
such types has destroyed the unique character of euclidean 
geometry and given it a setting amongst geometrical 
systems. There has arisen, so to speak, a science of Com- 
parative Geometry. 

Special care has, therefore, been taken throughout this 
book to show the bearing of non-euclidean upon euclidean 
geometry; and by exhibiting euclidean geometry as a 
really degenerate form—in the sense in which a pair of 
straight lines is a degenerate conic—to explain the apparent 
want of symmetry and the occasional failure of the principle 
of duality, which only a study of non-euclidean geometry 
can fully elucidate. 
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There are many ways of presenting the subject. In the 
present work the primary exposition follows the lines of 
elementary geometry in deduction from chosen postulates. 
This was the method of Euclid, and it was also the method 
of the discoverers of non-euclidean geometry. Restrictions 
have, however, been made. It was felt that a rigorously 
logical treatment, with a detailed examination of all the 
axioms or assumptions, would both overload the book and 
tend to render it dry and repulsive to the average reader. 
It is hoped, however, that the principles have been touched 
upon sufficiently to indicate the nature of the problems 
involved, especially in such cases where they throw light 
upon ordinary geometry. 

It is impossible thoroughly to appreciate non-euclidean 
geometry without a knowledge of its history. I have there- 
fore given in the first chapter a fairly full historical sketch 
of the subject up to the epoch of its discovery. Chapters II. 
and III. develop the principal results in hyperbolic and 
elliptic geometries. Chapter IV. gives the basis of an 
analytical treatment, the matter chosen for illustration here 
being, for the most part, such as was not touched on in the 
preceding chapters. This completes the rudiments of the 
subject. The next two chapters exhibit non-euclidean 
geometry in various lights, mathematical and philosophical, 
and bring up the history to a later stage. In the last three 
chapters some of the more interesting branches of geometry 
are worked out for the non-euclidean case, with a view to 
providing the serious student with a stimulus to pursue the 
subject in its higher developments. The reader will find 
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a list of text-books and references to all the existing litera- 
ture up to 1910 in my Bibliography of Non-Euchdean 
Geometry (London: Harrison, 1911). 

Most of the chapters are furnished with exercises for 
working. As no examination papers in the subject are yet 
available, the examples have all been specially devised, or 
culled from original memoirs. Many of them are theorems 
of too special a character to be included in the text. 

In preparing the treatise, the needs of the student reading 
privately have been kept steadily in view. Hence it is 
hoped that the work will prove useful to the “ Scholarship 
Candidate ” in our Secondary Schools who wishes to widen 
his geometrical horizon, to the Honours Student at our 
Universities who chooses Geometry as his special subject, 
and to the teacher of Geometry, in general, who desires to 
see in how far strict logical rigour can be made compatible 
with a treatment of the subject capable of comprehension 
by schoolboys. | 

In acknowledging my indebtedness to previous writers 
on the subject, special mention should be made of Bonola’s 
article in the collection, Questioni riguardanti la geometria 
elementare, edited by Enriques (Bologna, 1900; German 
translation, Leipzig, 1911); and Liebmann’s Nicht- 
euklidische Geometrie (Leipzig, 2nd ed., 1912). 

I take this opportunity of expressing my obligations to 
Mr. Peter Fraser, M.A., B.Se., Lecturer in Mathematics at 

the University of Bristol, and Mr. E. K. Wakeford, Trinity 
College, Cambridge, for kindly criticising the work while in 
manuscript form and giving many valuable suggestions. 
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I am also greatly indebted to Mr. W. P. Milne, M.A., D.Sc., 
Clifton College, Bristol, for continued assistance, by criti- 
cism and suggestion, all through the preparation of the 
book. To Dr. A. E. Taylor, Professor of Moral Philosophy 
at the University of St. Andrews, and Mr. C. D. Broad, B.A., 
Fellow of Trinity College, Cambridge, and Assistant to the 
Professor of Logic at the University of St. Andrews, I have 
also to express my thanks for reading and criticising 
Chapter VI. In correcting the proofs I have profited by 
the assistance of my wife and by the excellence of Messrs. 
MacLehose’s printing work. 


D. M. Y. 8. 


Tre University, Sr. ANDREWS, 
April, 1914. 
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NON-EUCLIDEAN GEOMETRY 


CHAPTER I. 
HISTORICAL. 


1. The origins of geometry. 

Geometry, according to Herodotus, and the Greek deriva- 
tion of the word, had its origin in Egypt in the mensuration 
of land, and the fixing of boundaries necessitated by the 
repeated inundations of the Nile. It consisted at first of 
isolated facts of observation and rude rules for calculation, 
until it came under the influence of Greek thought. The 
honour of. having introduced the study of geometry from 
Keypt falls to Tuauus of Miletus (640-546 B.c.), one of the 
seven “ wise men” of Greece. This marks the first step in 
the raising of geometry from its lowly level ; geometric ele- 
ments were abstracted from their material clothing, and 
the geometry of lines emerged. With Pyruacoras (about 
580-500 B.c.) geometry really began to be a metrical science, 
and in the hands of his followers and the succeeding 
Platonists the advance in geometrical knowledge was fairly 
rapid. Already, also, attempts were made, by Hippocrates 
of Chios (about 430 B.c.) and others, to give a connected and 
logical presentation of the science in a series of propositions 
based upon a few axioms and definitions. The most famous 
of such attempts is, of course, that of ποι (about 300 
B.C.), and so great was his τς that he ci tau like 
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Aristotle, the reputation of infallibility, a fact which latterly 
became a distinct bar to progress. 


2. Euclid’s Elements. 

The structure of Euclid’s Elements should be familiar to 
every student of geometry, but owing to the multitude of 
texts and school editions, especially in recent years, when 
Euclid’s order of the propositions has been freely departed 
from, Euclid’s actual scheme is apt to be forgotten. We 
must turn to the standard text of Heiberg! in Greek and 
Latin, or its English equivalent by Sir Thomas Heath.? 

Book I., which is the only one that immediately concerns 
us, opens with a list of definitions of the geometrical figures, 
followed by a number of postulates and common notions, 
called also by other Greek geometers “ axioms.” 

Objection may be taken to many of the definitions, as they appeal 
simply to the intuition. The definition of a straight line as “a 
line which lies evenly with the points on itself” contains no state- 
ment from which we can deduce any propositions, We now recog- 
nise that we must start with some terms totally undefined, and rely 
upon postulates to assign a more definite character to the objects. 
A right angle and a square are defined before it has been shown that 
objects corresponding to the definitions can exist. 

An axiom or common notion was considered by Euclid as a pro- 
position which is so self-evident that it needs no demonstration ; 
a postulate as a proposition which, though it may not be self-evident, 
cannot be proved by any simpler proposition. This distinction 
has been frequently misunderstood—to such an extent that later 
editors of Euclid have placed some of the postulates erroneously 
among the axioms. A notable instance is the parallel-postulate, 
No. 5, which has figured for ages as Axiom 11 or 12. 


The common notions of Euclid are five in number, and 
deal exclusively with equalities and inequalities of magni- 
tudes. 


' 12 vols., Leipzig, 1883-99, 23 vols,, Cambridge, 1908. 
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The postulates are also five in number and are exclusively 
metrical. The first three refer to the construction of 
straight lines and circles. The fourth asserts the equality 
of all right angles, and the fifth is the famous Parallel- 
Postulate: “If a straight line falling on two straight lines 
make the interior angles on the same side less than two right 
angles, the two straight lines, if produced indefinitely,-meet 
on that side on which are the angles less than two right 
angles.” 


3, Attempts to prove the parallel-postulate. as 

It seems impossible to suppose that Euclid ever imagined 
this to be self-evident, yet the history of the theory of 
parallels is full of reproaches against the lack of self-evidence 
of this “axiom.” Sir Henry Savile! referred to it as one of 
the great blemishes in the beautiful body of geometry ; 
D’Alembert? called it “ l’écueil et le scandale des élémens 
de Géométrie.” 

The universal converse of the statement, “ if two straight lines 
erossed by a transversal meet, they will make the interior angles 
on that side less than two right angles,” is proved, with the help 
of another unexpressed assumption (that the straight line is of 
unlimited length), in Prop. 17; while the contrapositive, “if the 
interior angles on either side are not less than two right angles (i.e, 
by Prop. 13, if they are equal to two right angles) the straight lines 
will not meet,” is proved, again with the same assumption, im 
Prop. 28. 

Such considerations induced geometers (and others), even 
up to the present day, to attempt its demonstration. From 
the invention of printing onwards a host of parallel-postu- 
late demonstrators existed, rivalled only by the “ circle- 
squarers,” the “ flat-earthers,” and the candidates for the 


1 Praelectiones, Oxford, 1621 (p. 140). 
3. Mélanges de Littérature, Amsterdam, 1759 (p. 180). 
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Wolfskehl “ Fermat” prize. Great ingenuity was expended, 
but no advance was made towards a settlement of the 
question, for each successive demonstrator showed the false- 
ness of his predecessor's reasoning, or pointed out an un- 
noticed assumption equivalent to the postulate which it 
was desired to prove. Modern research has vindicated 
Euclid, and justified his decision in putting this great 
proposition among the independent assumptions which are 
necessary for the development of euclidean geometry as a 
logical system. 

All this labour has not been fruitless, for it has led in 
modern times to a rigorous examination of the principles, 
not only of geometry, but of the whole of mathematics, and 
even logic itself, the basis of mathematics. It has had a 
marked effect upon philosophy, and has given us a freedom 
of thought which in former times would have received the 
award meted out to the most deadly heresies. 


4. Ina more restricted field the attempts of the postulate- 
demonstrators have given us an interesting and varied 
assortment of equivalents to Euclid’s axiom. It would take 
up too much of our space to examine the numerous demon- 
strations,' but as some of the equivalent assumptions have 
come into school text-books, and there appears still to 
exist a belief that the Euclidean theory of parallels is a 
necessity of thought, it will be useful to notice a few of 
them. 

One of the commonest: of the equivalents used for Euclid’s 
axiom in school text-books is “ Playfair’s axiom ” (really 
due to Ludlam?): “ Two intersecting straight lines cannot 


! A useful account of these is given by W. B. Frankland in his Z'heories 
of Parallelism, Cambridge, 1910. 


* The Rudiments of Mathematics, Cambridge, 1785 (p. 145), 
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both be parallel to the same straight line,” which is equiva- 
jent to the statement, “ Through a given point not more 
than one parallel can be drawn to a given straight line,” 
and from this the properties of parallels follow very 


Cc, 


A, 


oe, 


elegantly. The statement is simpler in form than Euclid’s, 
but it is none the less an assumption. 

Another equivalent is: “The sum of the angles of a 
triangle is equal to two right angles.” I do not think that 


Fro, 1. 
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anyone has been so bold as to assume this as an axiom, 
but there have been many attempts to establish the theory 
of parallels by obtaining first an intuitive proof of this 
statement. A very neat proof, but particularly dangerous 
unless it be regarded merely as an illustration, is the 
* Rotation Proof,” due to Tureaut.! 


5. Let a ruler (Fig. 1) be placed with its edge coinciding 
with a side AC of a triangle, and let it be rotated succes- 
sively about the three vertices A, B, C, in the direction 
ABC, so that it comes to coincide in turn with AB, BC and 
CA. When it returns to its original position it must have 
rotated through four right angles. But this whole rotation 
is made up of three rotations through angles equal to the 
exterior angles of the triangle. The fault of this “ proof” 
is that the three successive rotations are not equivalent at 
all to a single rotation through four right angles about a 
definite point, but are equivalent to a translation, through 
a distance equal to the perimeter of the triangle, along one 
of the sides. 

The construction may be performed equally well on the 
surface of a sphere, with a ruler bent in the form of an are 
of a great circle; and yet the sum of the exterior angles of 
a spherical triangle is always less than four right angles. 

A similar fallacy is contained in all proofs based upon the 
idea of direction. Take the following: AB and CD (Fig. 2) 
are two parallel roads which are intersected by another 
road BC. A traveller goes along AB, and at B turns into 
the road BU, altering his direction by the angle at B. At 
C he turns into his original direction, and therefore must 
have turned back through the same angle. But this requires 


' Grundriss der reinen Mathematik, 2nd ed, Géttingen, 1809. 
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a definition of sameness of direction, and this can only be 
effected when the theory of parallels has been established. 
The difficulty is made clear when we try to see what we 
mean by the relative compass-bearing of two points on the 
earth’s surface. If we travelled due west from Plymouth 
along a parallel of latitude, we should arrive at Newfound- 
land, but the direct or shortest course would start in a 


ἐς direction”? WNW. and finish in the ἐξ direction " WSW. 


Fic, ἃ. 


Other statements from which Euclid’s postulate may be 
deduced are : We 

“Three points are either collinear or coneyclic.” (W. 
Bolyai.’) ! Ἰ 

“There is no upper limit to the area of a triangle. 
(Gauss.*) "Ι 

Similar figures exist.” (Wallis.*) 


6. Another class of demonstrations is based upon con- 
siderations of infinite areas. The following is “ BERTRAND'S 
Proof.” 4 

' Kurzer Grundriss, 1851 (p. 46). 

* Letter to W. Bolyai, 16th December, 1799. 

® Opera, Oxford, 1693 (t. ii. p. 676). bein 

4L, Bertrand, Développement nouveau de la partie édémentaire des 
mathématiques, Geneva, 1778 (t. 11. Ῥ. 19). 
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Let a line AX (Fig. 3), proceeding to infinity in the direc- 
tion of X, be divided into equal parts AB, BC, ... and let 
the lines AA’, BB’, ... each produced to infinity, make equal 
angles with AX. Then the infinite strips A’ABB’, 
Β΄ BCC, ... can all be superposed and have equal areas, 
but it requires infinitely many of these strips to make up the 
area A’AX, contained between the lines 4A’ and AX, each 
produced to infinity. Again, let the angle A’AX be divided 
into equal parts A’AP, PAQ,.... Then all these sectors 
can be superposed and have equal areas, but it requires 
only a finite number of them to make up the area A’AX. 


Al B' c! DO, 


Fio. 8. 


Hence, however small the angle 4’AP may be, the area 
A’AP is greater than the area A’ABB’, and cannot there- 
fore be contained within it. AP must therefore cut BB’ : 
and this result is easily recognised as Euclid’s axiom. 
The fallacy here consists in applying the principle of super- 
position to infinite areas, as if they were finite magnitudes, 
If we consider (Fig. 4) two infinite rectangular strips A’A BB’ 


and A’PQB’ with equal bases AB, PQ, and partially superposed, 
then the two strips are manifestly unequal, or else the principle of 
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superposition is at fault. Again, suppose we have two rectangular 
strips A’ABB’, C’C DD’ (Fig. 5). Mark off equal lengths AA), 
A, Ag, +. along AA’, each equal to CD, and equal lengths CC,, C,C., ... 
along CC’, each equal to AB, and divide the strips at these points 
into rectangles. Then all the rectangles are equal, and, if we 


B Q B 


Fie. 4 * 


number them consecutively, then to every rectangle in the one 
strip there corresponds the similarly numbered rectangle in the 
other strip. Hence, if the ordinary theorems of congruence and 
equality of areas are assumed, we must admit that the two strips 
are equal in area, and that therefore the area is independent of the 
magnitude of AB. Such deductions are just as valid as the de- 
duction of Euclid’s axiom from a consideration of infinite areas. 


c 


7. It will suffice to give one other example of the attempts 
to base the theory of parallels on intuition. Suppose that, 
instead of Euclid’s definition of parallels as “ straight lines, 
Which, being in the same plane, and being produced 
indefinitely in both directions, do not meet one another in 
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either direction,”” we define them as “ straight lines which 
are everywhere equidistant,” then the whole Euclidean 
theory of parallels comes out with beautiful simplicity. In 
particular, the sum of the angles of any triangle ABC (Fig. 6) 
is proved equal to two right angles by drawing through the 
vertex A a parallel to the base BC. Then, if we draw per- 
pendiculars from A, B, C on the opposite parallel, these 
perpendiculars are all equal. The angle HAB= 2 Β and 
the angle CAF = 26. 

It is scarcely necessary to point out, however, that this 
definition contains the whole debatable assumption. We 

Ε F 


D Cc 
Fic. 6. 
have no warrant for assuming that a pair of straight lines 
can exist with the property ascribed to them in the defini- 
tion. To put it another way, if a perpendicular of constant 
length move with one extremity on a fixed line, is the locus 
of its free extremity another straight line? We shall find 
reason later on to doubt this. In fact, non-euclidean 
geometry has made it clear that the ideas of parallelism and 
equidistance are quite distinct. The term “ parallel” 
Greek παράλληλος =running alongside) originally con- 
noted equidistance, but the term is used by Kuclid rather 
in the sense “ asymptotic ” (Greek ἀ-σύμπτωτος =non-inter- 
secting), and this term has come to be used in the limiting 
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case of curves which tend to coincidence, or the limiting 
case between intersection and non-intersection. In non- 
euclidean geometry parallel straight lines are asymptotic 
in this sense, and equidistant straight lines in a plane do 
not exist. This is just one instance of two distinct ideas 
which are confused in euclidean geometry, but are quite 
distinct in non-euclidean. Other instances will present 
themselves. 


8, First glimpses of Non-Euclidean geometry. 

Among the early postulate-demonstrators there stands a 
unique figure, that of a Jesuit, Gerolamo SACCHER! (1667- 
1733), contemporary and friend of Ceva. This man devised 
an entirely different mode of attacking the problem, in an 
attempt to institute a reductio ad absurdum.* At that time 
the favourite starting-point was the conception of parallels 
as equidistant straight lines, but Saccheri, like some of his 
predecessors, saw that it would not do to assume this in 
the definition. He starts with two equal perpendiculars AC 
and BD toa line AB. When the ends C, ἢ) are joined, it is 
easily proved that the anges at C and D are equal ; but 
are they right angles ἢ Saccheri keeps an open mind, and 
proposes three hypotheses : 

(1) The Hypothesis of the Right Angle. 

(2) The Hypothesis of the Obtuse Angle. 

(3) The Hypothesis of the Acute Angle. 


The object of his work is to demolish the last two hypo- 
theses and leave the first, the Euclidean hypothesis, supreme; 


| Buclides ab omni naevo vindicatus, Milan, 1733. English trans. by 
Halsted, Amer. Math. Monthly, vols. 1-5, 1894-08; German by Stickel 
and Engel, Die Theorie der Parallellinien, Leipzig, 1895. ( ‘his book 
ey ἀκοῆς and Engel contains a valuable history of the theory of 
rallels,) 
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but the task turns out to be more arduous than he expected. 
He establishes a number of theorems, of which the most 
important are the following : 


Tf one of the three hypotheses is true in any one case, 
the same hypothesis is true in every case. 

On the hypothesis of the right angle, the obtuse angle, 

or the acute angle, the sum of the angles of a triangle is 
equal to, greater than, or less than two right angles. 
: On the hypothesis of the right angle two straight lines 
intersect, except in the one case in which a transversal cuts 
them at equalangles, On the hypothesis of the obtuse angle 
two straight lines always intersect. On the hypothesis of 
the acute angle there is a whole pencil of lines through a 
given point which do not intersect a given straight line, but 
have a common perpendicular with it, and these are sepa- 
rated from the pencil of lines which cut the given line by 
two lines which approach the given line more and more 
closely, and meet it at infinity. 

The locus of the extremity of a perpendicular of constant 
length which moves with its other end on a fixed line is 
a straight line on the first hypothesis, but on the other 
hypotheses it is curved; on the hypothesis of the obtuse 
angle it is convex to the fixed line, and on the hypothesis 
of the acute angle it is concave. 


Saccheri demolishes the hypothesis of the obtuse angle in 
his Theorem 14 by showing that it contradicts Euclid I. 17 
(that the sum of any two angles of a triangle is less than 
two right angles); but he requires nearly twenty more 
theorems before he can demolish the hypothesis of the 
acute angle, which he does by showing that two lines which 
meet In a point at infinity can be perpendicular at that 
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point to the same straight line. In spite of all his efforts, 
however, he does not seem to be quite satisfied with the 
validity of his proof, and he offers another proof in which he 
loses himself, like many another, in the quicksands of the 
infinitesimal. 

If Saccheri had had a little more imagination and been 
less bound down by tradition, and a firmly implanted belief 
that Euclid’s hypothesis was the only true one, he would 
have anticipated by a century the discovery of the two 
non-euclidean geometries which follow from his hypotheses 
of the obtuse and the acute angle. 


9. Another investigator, J. H. Lampert (1728-1777),* 
fifty years after Saccheri, also fell just short of this dis- 
covery. His starting-point is very similar to Saccheri’s, and 
he distinguishes the same three hypotheses; but he went 
further than Saccheri. He actually showed that on the 
hypothesis of ‘he obtuse angle the area of a triangle is 
proportional to the excess of the sum of its angles over two 
right angles, which is the case for the geometry on the 
sphere, and he concluded that the hypothesis of the acute 
angle would be verified on a sphere of imaginary radius. 
He also made the noteworthy remark that on the third 
hypothesis there is an absolute unit of length which would 
obviate the necessity of preserving a standard foot in the 
Archives. 

He dismisses the hypothesis of the obtuse angle, since it 
requires that two straight lines should enclose a space, but 
his argument against the hypothesis of the acute angle, 
Such as the non-existence of similar figures, he characterises 


' Theorie der Parallellinien, 1786. (Reprinted in Stickel and Enge 
Th. der Par., 1895.) =~ : 
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as arguments ab amore et invidia ducta, Thus he arrived 
at no definite conclusion, and his researches were only 
published some years after his death. 

10. About this time (1799) the genius of Gauss (1777- 
1855) was being attracted to the question, and, although 
he published nothing on the subject except a few reviews, 
it is clear from his correspondence and fragments of his 
notes that he was deeply interested in it. He was a keen 
critic of the attempts made by his contemporaries to 
establish the theory of parallels; and while at first he 
inclined to the orthodox belief, encouraged by Kant, that 
Euclidean’ geometry was an example of a necessary truth, 
he gradually came to see that it was impossible to demon- 
strate it. He declares that he refrained from publishing 
anything because he feared the clamour of the Boeotians, 
or, as we should say, the Wise Men of Gotham ; indeed at 
this time the problem of parallel lines was greatly dis- 
credited, and anyone who occupied himself with it was 
liable to be considered as a crank. 

Gauss was probably the first to obtain a clear idea of the 
possibility of a geometry other than that of Euclid, and we 
owe the very name Non-Euclidean Geometry to him.’ It is 
clear that about the year 1820 he was in possession of many 
_ theorems of non-euclidean geometry, and though he medi- 
tated publishing his researches when he had sufficient 
leisure to work them out in detail with his characteristic 
elegance, he was finally forestalled by receiving in 1832, 
from his friend W. Bolyai, a copy of the now famous 
Appendix by his son, John Bolyai. 

11. Among the contemporaries and pupils of Gauss there are three 
names which deserve mention. F. K. SchwemkaRt (1780-1859), 

1 Letter to Taurinus, 8th November, 1824, 
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Professor of Law in Marburg, sent to Gauss in 1818 a page of MS. 
explaining a system of geometry which he calls ‘* Astral Geometry,” 
in which the sum of the angles of a triangle is always less than 
two right angles, and in which there is an absolute unit of length. 
He did not publish any account of his researches, but he induced 
his nephew, F. A. TAURINUS (1794-1874), to take up the question. 
His uncle’s ideas did not appeal to him, however, but a few years 
later he attempted a treatment of the theory of parallels, and 
having received some encouragement from Gauss, he published a 
gmall book, Theorie der Parallellinien, in 1825. After its publication 


- he came across Camerer’s new edition of Euclid in Greek and Latin, 


which, in an Excursus to Euclid 1. 29, contains a very valuable 
history of the theory of parallels, and there he found that his methods 
had been anticipated by Saccheri and Lambert. Next year, accord. 
ingly, he published another work, Geometriae prima elemenia, and 
in the Appendix to this he works out some of the most important 
trigonometrical formulae for non-euclidean geometry by using the 
fundamental formulae of spherical geometry with an imaginary 
radius. Instead of the notation of hyperbolic functions, which was 
then scarcely in use, he expresses his results in terms of logarithms 
and exponentials, and calls his geometry the “ Logarithmic Spherical 
Geometry.” 

Though Taurinus must be regarded as an independent discoverer 
of non-euclidean trigonometry, he always retained the belief, unlike 
Gauss and Schweikart, that Euclidean geometry was necessarily 
the true one. Taurinus himself avas aware, however, of the impor- 
tance of his contribution to the theory of parallels, and it was a 
bitter disappointment to him when he found that his work attracted 
no attention. In disgust he burned the remainder of the edition of 
his Llementa, which is now one of the rarest of books. 

The third to be mentioned as having arrived at the notion of a 
geometry in which Euclid’s postulate is denied is Ff. L, WACHTER 
(1792-1817), a student under Gauss. It is remarkable that he 
affirms that even if the postulate be denied, the geometry on a sphere 
becomes identical with the geometry of Euclid when the radius is 
indefinitely increased, though it is distinctly shown that the limiting 
surface is not a plane. This was one of the greatest discoveries of 
Lobachevsky and Bolyai, If Wachter had lived he might have 
been the discoverer of non-euclidean geometry, for his insight into 
the question was far beyond that of the ordinary parallel-postulate 
demonstrator. 
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12. While Gauss, Schweikart, Taurinus and others were 
working in Germany, and had arrived independently at 
some of the results of non-euclidean geometry, and were, 
in fact, just on the threshold of its discovery, in France and 
Britain the ideas were still at the old stage, though there 
was a considerable interest in the subject, inspired chie® ; 
by A. M. Lecenpre (1752-1833). Legendre’s researches 
were published in the various editions of his Eléments, 
from 1794 to 1823, and collected in an extensive article 
in the Memoirs of the Paris Academy in 1833. 

Assuming all Euclid’s definitions, axioms and postulates, 
except the parallel-postulate and all that follows from it, 
he proves some important theorems, two of which, Proposi- 
tions A and B, are frequently referred to in later work as 
Legendre’s First and Second Theorems. 

Prov. A. The sum of the three angles of a rectilinear tri- 
angle cannot be greater than two right angles (7). (Eléments, 
3rd ed. 1800.) 

In Fig. 7, 494,A4,... A, is a straight line, and the tri- 
angles AgB,d,, A,B,A,,... are all congruent, and the 
vertices BB, ... B, are joined by a broken line. 

B, B B,. 


Suppose, if possible, that 


4 AoB,A, + ByA yA, +A, A,By>z. 
Now 2B,4,4,=B,A,A. 
and 2 B,A,B, +B,A,A, +A,A,By =z. 


1.122) LEGENDRE 17 
͵ ᾿ 

- Therefore Z A,B ,A,>B,A,B,, 
and therefore A Ay>BB,. 


Let A,A, -- ΒιΒι =d; then 
ApBo + BoB, + BB. +... + By-,B, + BA, =24 By +nByB, 
=2A,B,+nA A, —nd =A A, +2A,B,- nd, 
tn, ApAn=AoBo + BoB, +... +BuAn+(nd -2A,B,). 
But, by increasing n, nd can be made to exceed the fixed 


Iength 24,B,; and hence 4,4, which is the length of the 


straight line joining A, and A,, can be greater than the 
sum of the parts of the broken line which joins the same 
two points, which is absurd. 

There are several points in this proof that require careful 
examination. 

In the first place, the assumption that md can always exceed 
2A,B, by taking x sufficiently great lies at the basis of geometrical 
continwily, and is equivalent to the denial of the existence of infini- 
tesimals. This is generally known as the Axiom of Archimedes, 
The question of continuity is fundamental in dealing with the 
foundations of geometry, but it would be outside the scope of this 
book to enter further into this extensive and difficult subject. 

Twice in this proof we have assumed the “ theorem of 
the exterior angle ” of a triangle (Euclid I. 16), first in the 
Statement that 4,4,>B,B,, and second in the assumption 
that the straight line joining two points is the shortest 
path (Euclid I. 20). This is equivalent to the rejection 
of Saccheri’s hypothesis of the obtuse angle, If this 
hypothesis be followed to its logical conclusion, it can be 
shown (see Chap. ITI.) that two straight lines in a plane 
will always intersect, when produced in either direction. 
The straight line is then re-entrant, and there are at least 
two straight paths connecting any two points. The straight 
line 4,4, would not then of necessity be the shortest path 
from 4, to A,,. | 
N.-E. G. 


Β 
Ἱ 
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Prop. B. If there exists a single irnangle in which the sum 
of the angles is equal to two right angles, then in every triangle 
the sum of the angles must likewise be equal lo two right 
angles. 

This proposition was already proved by Saccheri, along 
with the corresponding theorem for the case in which the 
sum of the angles is less than two right angles, and we need 
not reproduce Legendre’s proof, which proceeds by con- 
structing successively larger and larger triangles, in each of 
Which the sum of the angles = 7, 

Legendre makes an attempt to prove that the sum of 
the angles of a triangle is equal to two right angles, as follows 
(Hléments, 12th ed. 1823) : 

Let A,B,C, (Fig. 8) be a triangle, in which A,B, is the 
greatest side and B,C, the least. Join A, to M,, the middle 


6 


Fra, 8, 


point of B,C,, and produce 4,M, to C, 80 that A,C, =A,B,. 
On A,B, take 4,K =KB,=A,M,, and jon C,K. Then 
we get a second triangle A,B,C, in which A, coincides 
with A,, and in which 4,B, is the greatest side and B,C, 
the least. Denote the angles of the triangles A,B,C, 
A,B.C, by single letters. 

Then 4 4,C,K=4,B,M, and a C.KB,=C,M,A,. 
Therefore 24,0,K =B,, L£KC,B,=C,, 2M,A,C, = By. 
Therefore 4,=A,+B, and B,+C,=C,. 
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and area A,B,C, = area A BC, * 


By repeating this construction we get a series of triangles 
with the same area and angle-sum. 
β ly 
Now 4,<!:A,, A,<4A,<iA,, sony Anii<si 1) 


l 
B,<A,; B,<A,<3A),..., Βι ει οηττάν 


Hence the angles A,, and B, both tend to zero, while the 
vertex (ἡ, ultimately lies on A,B,. The sum of the 
angles thus reduces to the single angle C,,, which is ulti- 
mately equal to two right angles. 

In this proof there is a latent assumption and also a 
fallacy. In the first place it is tacitly assumed that the 
straight line is not re-entrant, for if it were re-entrant 
the “theorem of the exterior angle,” upon which the 
proofs of the inequalities depend, could not be accepted, 


“and the whole proof is invalidated. Again, if we grant 


the theorem of the exterior angle, B, and C,, both go to 
infinity, and we cannot draw any conclusions as regards 
the magnitude of the angle Cy. . 

Legendre’s other attempts make use of infinite areas. 
He makes reference to Bertrand’s proof, and attempts to 
prove the necessity of Playfair’s axiom in this way: if it 
be denied, then a straight line would be contained entirely 
Within the angle formed by two rays, but this is impossible 
since the area enclosed by the angle is less than “ half the 
area of the whole plane.” 


13. In Britain the investigations of Legendre stimulated 
such men as Prayrarr and Leste (Professors at Edin- 
burgh), Ivory, Perroner THompson, and Henry Merkur. 
Of these, however, none but Meikle had advanced beyond 
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the stage of Legendre. Meikle! actually proved in detail, 
what had been foreshadowed fifty years before by Lambert, 
that if the sum of the angles of a triangle is less than two 
right angles the defect is proportional to its area. He 
rejected the hypothesis because he would not admit the 
existence of a triangle with all its angles zero. He also 
proved independently Saccheri’s general form of Legendre’s 
second theorem. 

But by this time the epoch-making works of Lobachevsky 
and Bolyai had been published, and the discovery of a 
logically consistent system of geometry in which the 
parallel-postulate is denied proved once for all that all 
attempts to deduce this postulate from the other axioms 
are doomed to failure. It was not, however, in Germany 
after all that non-euclidean geometry at last saw the light, 
but simultaneously in remote districts of Russia and 
Hungary. 


14. The discovery of Non-Euclidean geometry. 

Nikolai Ivanovich LopacnEvsKy (1795-1856), Professor 
of Mathematics at Kazan, was interested in the theory of 
parallels from at least 1815. Lecture notes of the period 
1815-17 are extant, in which Lobachevsky attempts in 
various ways to establish the Euclidean theory. He proves 
Legendre’s two propositions, and employs also the ideas 
of direction and infinite areas. In 1823 he prepared a 
treatise on geometry for use in the University, but it 
obtained so unfavourable a report that it was not printed, 
The MS. remained buried in the University Archives until 
it was discovered and printed in 1909. In this book he 
states that “a rigorous proof of the postulate of Euclid has 


1 Edinburgh New Philos. Journ., 86 (1844), p. 313. 
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not hitherto been discovered; those which have been 
given may be called explanations, and do not deserve to 
be considered as mathematical proofs in the full sense. 

Just three years afterwards, he read to the physical and 
mathematical section of the University of Kazan a paper 
entitled ‘‘ Exposition succinte des principes de la géométrie 
avec une démonstration rigoureuse du théoreme des 
paralléles.” In this paper, the manuscript of which has 
unfortunately been lost, Lobachevsky explains the prin- 
ciples of his “ Imaginary Geometry,” which is more general 
than Euclid’s, and in which two parallels can be drawn to 
a given line through a given point, and in which the sum 
of the angles of a triangle is always less than two right 
angles. | 

In the course of a busy life Lobachevsky wrote some half 
dozen extensive memoirs expounding the new geometry. 
The first of these were in Russian, and therefore inaccessible. 
In 1840 he tried to reach a wider circle with a small book 
in German entitled Geometrische Untersuchungen zur Theorie 
der Parallellinien, and just before his death he wrote a 
summary of his researches under the title “ Pangeometry,” 
which he put into French and contributed to the memorial 
volume published at the jubilee of his own University. 


15. Botyar Janos (John) (1802-1860) was the son of 
Botyar Farkas (Wolfgang) (1775-1856), a fellow-student 
and friend of Gauss at Géttingen. The father was early 
interested in the theory of parallels, and without doubt 
discussed the subject with Gauss while at Gottingen. The 
professor of mathematics at that time, A. G. Kaestner, had 


‘An English translation of the Geometrische Untersuchungen was 
papished by Halsted (Austin, Texas, 1891), An extensive Life of 

hachevsky was published, together with German translations of two 
of the Russian papers, by Engel (Leipzig, 1898). 


———————— 


22 HISTORICAL [r. 15 


himself attacked the problem, and with hi help G. 8. 
Kliigel, one of his pupils, compiled in 1763 the earliest 
history of the theory of parallels. 

Tn 1804 Wolfgang Bolyai, just after his appointment as 
professor of mathematics in Maros-Vasfrhely, sent to 
Gauss a “Theory of Parallels,’ the elaboration of his 
Gottingen studies. In this he gives a demonstration very 
similar to that of Meikle and some of Perronet Thompson’s, 
in which he tries to prove that a series of equal segments 
placed end to end at equal angles, like the sides of a regular 
polygon, must make a complete circuit. Though Gauss 
clearly revealed the fallacy, Bolyai persevered and sent 
Gauss, in 1808, a further elaboration of his proof. To 
this Gauss did not reply, and Bolyai, wearied with his 
ineffectual endeavours to solve the riddle of parallel lines, 
took refuge in poetry and composed dramas. During the 
next twenty years, amid various interruptions, he put 
together his system of mathematics, and at length, in 
1832-3, published in two volumes an elementary treatise ' 
on mathematical discipline which contains all his ideas with 
regard to the first principles of geometry. 

Meanwhile John Bolyai, while a student at the Royal 
College for Engineers at Vienna, had been giving serious 
attention to the theory of parallels, in spite of his father’s 
solemn adjuration to let the loathsome subject alone. At 
first, like his predecessors, he attempted to find a proof 
for the parallel-postulate, but gradually, as he focussed 
his attention more and more upon the results which would 
follow from a denial of the axiom, there developed in his 
mind the idea of a general or “ Absolute Geometry ” which 


1Tentamen juventutem studiosam in elementa matheseos . . . intro- 
ducendi, Maros-Vasérhely, 1832-3. 


1. 15] BOLYAI 93 


would contain ordinary or euclidean geometry as a special 
or limiting case. Already, in 1823, he had worked out the 
main ideas of the non-euclidean geometry, and in a letter 
of 3rd November he announces to his father his intention 
of publishing a work on the theory of parallels, “fOr, 
he says, “I have made such wonderful discoveries that I 
am myself lost in astonishment, and it would be an irre- 
parable loss if they remained unknown. When you read 
them, dear Father, you too will acknowledge it. I cannot 
say more now except that out of nothing I have created a 
new and another world, All that I have sent you hitherto 
is as a house of cards compared to a tower.” Wolfgang 
advised his son, if his researches had really reached the 
desired goal, to get them published as soon as possible, 
for new ideas are apt to leak out, and further, it often 
happens that a new discovery springs up spontaneously 
in many places at once, “ like the violets in springtime.” 


’ Bolyai’s presentment was truer than he suspected, for 


at this very moment Lobachevsky at Kazan, Gauss at 
Gittingen, Taurinus at Cologne, were all on the verge of 
this great discovery It was not, however, till 1832 that 
at length the work was published. It appeared ἴῃ Vol. 1. 
of his father’s Tentamen, under the title “ Appendix, 
scientiam absolute veram exhibens.” 

W. Bolyai wrote one other book,’ in German, in which 
he refers to the subject, but the son, although he continued 
to work at his theory of space, published nothing further. 
Lobachevsky’s Geometrische Untersuchungen came to his 


‘ Kurzer Grundriss eines Versuchs, Maros-Vaisirhely, 1851. J. Bolyai’s 
“ Appendix ” has heen translated into French, Italian, German, English 
and Magyar; English by Halsted (Austin, Texas, 1891). A complete 
life of the Bolyai, with ἔκ τρυτι translations of the “ Appendix,” parte 
of the T'entamen, οἷο, has been published by Stiickel (Leipzig, 1913), 
a3 a companion book to Engel’s Lobatschefakij. 
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knowledge in 1848, and this spurred him on to complete 
the great; work on “ Raumlehre,” which he had already 
planned at the time of the publication of his “ Appendix,” 
but he left this in large part as a rudis wndigestaque moles, 
and he never realised his hope of triumphing over his great 
Russian rival. 

On the other hand, Lobachevsky never seems to have 
heard of Bolyai, though both were directly or indirectly 
in communication with Gauss. Much has been written 
on the relationship of these three discoverers, but it is 
now generally recognised that John Bolyai and Lobachevsky 
each arrived at their ideas independently of Gauss and of 
each other; and, since they possessed the convictions and 
the courage to publish them which Gauss lacked, to them 
alone is due the honour of the discovery, 


16. The succeeding history of non-euclidean geometry 
will be passed over here very briefly.1_ The ideas inaugu- 
rated by Lobachevsky and Bolyai did not for many years 
attain any wide recognition, and it was only after Baltzer 
had called attention to them in 1867, and at his request 
Hoiiel had published French translations of the epoch- 
making works, that the subject of non-euclidean geometry 
began to be seriously studied. 

It is remarkable that while Saccheri and Lambert both 
considered the two hypotheses, it never occurred to 
Lobachevsky or Bolyai or their predecessors, Gauss, 

"Some of the later history will be given in Chap. VI. The best 
history of the subject is R. Bonola: La geometria non-euclidea : esp 
sizione storico-critica del suo sviluppo (Bologna, 1906); English transla- 
tion (based on the German translation by Liebmann, Leipzig, 1908) 
by H. 8. Carslaw (Chicago, 1912). A full classified bibliography is to 
be found in Sommerville’s Bibliography of non-euclidean geometry, including 


the theory of parallels, the foundations of geometry and space of n dimensions 
(London, 1911), 
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Schweikart, Taurinus and Wachter, to admit the hypo- 
thesis that the sum of the angles of a triangle may be greater 
than two right angles. This involves the conception of 
a straight line as being unbounded but yet of finite length. 
Somewhere “ at the back of beyond ” the two ends of the 
line meet and close it. We owe this conception first to 
Bernhard Riemann (1826-1866) in his Dissertation of 
18541 (published only in 1866 after the author's death), 
but in his Spherical Geometry two straight lines intersect 
twice like two great circles on a sphere. The conception 
of a geometry in which the straight line is finite, and is, 
without exception, uniquely determined by two distinct 
points, is due to Felix Kier.? Klein attached the now 
usual nomenclature to the three geometries; the geometry 
of Lobachevsky he called Hyperbolic, that of Riemann 
Elliptic, and that of Euclid Parabolic. 


EXAMPLES I. 


1, If the angle in a semicircle is constant, prove that it is a right 
angle. 

2. AB is a fixed line and P a variable point such that the angle 
APB is constant. Show that the tangents at A and B to the 
curve locus of P are equally inclined to AB. 


3. If every chord in the locus of Question 2 has the property 
that it subtends a constant angle at points on the curve, prove that 
the sum of the angles of a triangle must be equal to two right angles. 

Examine the fallacies in the following proofs of Euclid’s axiom : 

4. If the side ¢ and the angles A and B of a triangle are given the 
triangle is determined, and therefore the angle C =—/(A, B, c). But 
since this equation must be homogeneous, it cannot contain the 


'“ Uber die Hypothesen, welche der Geometrie zu Grande liegen ” : 
English translation by W. K. Clifford, Nature, 8 (1873). 

* “ Uber die sogenannte Nicht-Euklidische Geometrie,” Math. Annalen, 
4 (1871), 6 (1873), 
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side c. Hence C=f(A, B). Let ABC be a right-angled triangle, 
and draw the perpendicular CD on the hypotenuse. Then the 
two triangles ABC, ACD have two angles equal, and therefore the 
third angle ACD=B. Similarly BCD=A,. Therefore 4 1 ΒΟ 
=2 right angles. (A. M. Legendre, 1794.) 

5. Let OB and NA be both perpendicular to ON, then OB does 
not meet VA. Let OG, making a finite angle GOB, be the last line 
through O which meets NA, Then NA can be produced beyond 
its point of intersection with OG to K, and OK still meets NA. 
Hence OG is not the last, and therefore all lines through O within 
the angle NOB must meet NA. (J. D. Gergonne, 1812.) 


6. One altitude AD of an equilateral triangle A BC divides it into 
two right-angled triangles, in which one acute angle is double the 
other. If the three altitudes meet in Ὁ, each of the triangles AOL, 
etc., has one angle equal to half the angle of the equilateral triangle ; 
hence the angle OAN=}AOZ. Hence the sum of the angles of 
the triangle ABC is equal to half the sum of the angles at O, i.e. 
equal to two right angles. (J. K. Ff. Hauff, 1819.) 


7. AA’ | AB and ABB’ is acute. From D, any point on BP’, 
is drawn the perpendicular DZ to AB. Cis any point on AA’, 
and BC cuts DE in F, Gis the middle point of EF, and BG meets 
AC in H. An isosceles triangle is drawn with base EF and sides 
equal to ED, making the base angles=a. Rotate the plane of the 
figure about AB through the angle a. Denote the points in their 
new positions by suffixes. Then D,GLEF, and BH is the pro- 
jection of BL’. H is therefore the projection of a point on both 
BB, and AA,’, and these lines therefore meet. (K. Th. E. Gronau, 
1902.) 


CHAPTER ΤΙ. 
ELEMENTARY HYPERBOLIC GEOMETRY. 


1. Fundamental assumptions. 

In establishing any system of geometry we must start 
by naming certain objects which we cannot define in terms 
of anything more elementary, and make certain assump- 
tions, from which by the laws of logic we can develop a 
consistent system. These assumptions are the axioms of 
the science. The axioms of geometry have been classified 
by Hilbert * under five groups : . 
Axioms of connection, or classification, connecting 

point, line and plane. 

_ Axioms of order, explaining the idea of “ between.” 
. Axioms of congruence. 

. Axiom of parallels. 

. Axioms of continuity. : 

Without entering into these in more detail,’ we shall 
assume. as deductions from them, the theorems relating 
to the comparison and addition of segments and angles. 

The method of superposition can be used as a facon de parler. 
Strictly speaking, a geometrical figure is incapable of being moved ; ὃ 


'D. Hilbert, Grundlagen der Geometrie, se a 1899, 4th ed. 1913; 
English translation by Townsend, Chicago, 1902. 3 4 

* The reader who wishes to study the development of non-cuchdean 

mee from a set of axioms may refer to .}. ἢ Coolidge, Elements of 
Non-Huclidean Geometry, Oxford, 1909. 

* Cf. Chap, VI. § 4. 


μέ 
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lines ‘are not drawn, nor are figures constructed. It is only the act 
of the mind which fixes the attention on certain geometrical figures 
which already exist, developing them out, so to speak, like the 
picture on a photographic plate. And when we speak of applying 
one figure to another by superposition, all that we mean is that a 
comparison is made between the two figures and certain results 
deduced by the axioms of congruence. When a geometrical figure, 
e.g. a line or a point, is spoken of as moving, we are really trans- 
ferring our attention to a succession of lines or points in different 
positions, 

The measurement of angles is independent of the theory 
of parallels. Vertically opposite angles are equal ; the sum 
of the four angles made by two intersecting lines is an 
absolute constant, and one quarter of this is a right angle, 
An absolute unit of angle, therefore, exists, A “ flat- 
angle,” which is equal to two right angles, is generally 
denoted by the symbol π. Through a given point only 
one perpendicular can be drawn to a given straight line, 
the usual construction for this being always possible. 


The question of the numerical value of π, or, what is the same thing, 
of the unit of angle, need not concern us until we come to consider 
trigonometrical formulae (see § 39). We may, however, state at 
once that when 7 is treated as a number it has just the value 
which we are already accustomed to assign to it, viz. 34 to a rough 
approximation, or, accurately, 4 times the sum of the infinite series 
1-}+}-}+... But it is necessary to warn the reader that π' does 
not stand for the ratio of the circumference of a circle to its diameter, 
for in non-euclidean geometry this ratio is not constant; and the 
radian, or unit angle, in terms of which a flat-angle is represented 
by the number 7, does not admit of the familiar construction by 
means of a circle. 


We shall assume, as deductions from the axioms of 
congruence, the congruence-theorems for triangles (Eue. I. 
4, 8, 26), and those on the base-angles of an isosceles 
triangle (Euc, I. 5, 6), which imply the symmetry of the 
plane. The theorems relating to inequalities among the 
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sides and angles of a triangle (Hue. I. 16-20) are true within 
a restricted region. In particular, the “ theorem of the 
exterior angle,” upon which the others depend, is proved 
in § 6 to be true without exception in hyperbolic geometry. 

An important axiom of order which must be explicitly 
mentioned is Pascn’s Axiom.' If α straight line ouls one 
side of a triangle and does not pass through a vertex, it will 
also cut one of the other sides (“ side” being understood to 
mean the segment subtended by the opposite interior angle 

triangle), 

ὸ pe et of geometry can be constructed without the 
axioms of continuity,? but we shall in general assume 
continuity. 

The watershed, so to speak, between the euclidean and 
the non-euclidean geometries which we are about to 
develop, is the axiom of parallels. 


2. Parallel lines. 

Consider (Fig. 9) a straight line 1 and a point O not on 
the line. Let ON be 1 J, and take any point P on /. 
The line OP cuts 1 in P. As the point P moves along ὦ 
away from N there are two possibilities to consider : . 

(1) P may return to its starting point after having 
traversed a finite distance. This is the hypothesis of 
ELureric GEOMETRY. | 

(2) P may continue moving, and the distance NP tend 
to infinity. This hypothesis is true in ordinary geometry. 
The ray OP then tends to a definite limiting ὃ position OL, 
‘oe Pasch, Vorlesungen tiber newere Geometric, Leipzig, 1882; 2nd ed. 


* Cf αν B, Halsted, Rational Geometry, New York, 1904. ; 
“This assumes continuity. We might dispense with this assumption 

by assuming a definite line OL which separates the intersectors of ΝᾺ 
πὶ the non-intersectors. 
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and OL is said to be parallel to NA. If P moves along / 
in the opposite sense, OP will tend to another limiting 
position, OM, and OM || NB. 

In Euciipran Gromerry, the two rays OL and OM form 
one line, and the angles NOL and NOM are right angles, 

The hypothesis of Hyperzotic Gromerry is that the 
rays OL, OM are distinct, so that Playfair’s axiom is 
contradicted. 


_ Ρ 5 
Fro. 9. 

3. In this chapter we shall develop the fundamental 
theorems of Hyperbolic Geometry. 

Definition of Parallel Lines. AA’ is said to be parallel 
to BB’ in the sense thus indicated when 

(1) AA’ and BB’ lie in the same plane, 

(2) AA’ does not meet BB’, both being produced 
indefinitely, and 

(5) every ray drawn through A within the angle 
BAA‘ meets the ray BB’, 

Through any point O two parallels OL and OM can be 
drawn to a given line AB, so that OL || NA and OM || NB. 
The angles NOL and NOM are, by symmetry, equal, and 
this angle depends only on the length of the perpendicular 
ON =p. It is called the angle of parallelism or the parallel- 
angle, and is denoted by Il(p). There are two distinct 
senses of parallelism. 
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The two parallel lines separate all the lines through O 
into two classes, those which intersect AB and those which 
are non-intersectors of AB. 


Properties of Plane Figures, Parallelism, etc. 
4. Parallel lines possess in common with euclidean 
parallels the following properties : ed 
(1) The property of parallelism is maintained, in the same 
sense, throughout the whole length of the line. (Property of 
transmissibility.) | 
Let AA’ || BB’, and let P be any point in AA’. We have 


Fro. 10. 
to prove that within the angle BPA’ every ray through 
P cuts BB’, and no other ray through P cuts BB. 

There are two cases to be considered, according as P is 
on the side of A in the direction of parallelism or not. 

In the first case draw any line PQ through P within 
the angle BPA’, and on it take a point K. Then the line 
AK must cut BB’ in some point LZ, and BP in M. Hence 
PQ, which cannot cut again either ML or BM, must cut 
the third side BL of the triangle BML (Pasch’s Axiom). 
But PA’ does not cut BB’; therefore PA’ || BB’. 

In the second case it is only necessary to take K on QP 
produced backwards, 
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(2) Parallelism is reciprocal, i.e. if AA’ || BB’, then 
BB’ || AA’ (Fig. 11). 

The bisectors of the angles BAA’, ABB’ meet in a point 
M, since each meets the other parallel. Draw perpendi- 
culars MP, MQ, MR from M on AA’, BB’, AB. By a 
comparison of the triangles these perpendiculars are 
equal. Draw MM’ bisecting the angle PMQ. Then, if 
PQ is joined, PQ 1 MM’, and makes equal angles with AA’ 
and BB’. The lines AA’, BB’ are therefore symmetrical 


Pia. 11, 


with respect to MM’, and the reciprocity is therefore 
established. 

P, Ὁ are called corresponding points on the two parallels. 

(3) Parallelism is transitive, ie. if AA’|| BB’ and 
BB" || CC’, then AA’|| CC’. There are two cases to be 
considered, 

(a) Let BB’ lie between AA’ and CO’ (Fig. 12). We 
may suppose ABC to be collinear. Within the angle CAA’ 
draw any line AP. Since 4A’ || BB’, AP cuts BB’ in a 
point Y. Then, since QB’ || CC’, PQ produced within the 
angle CQB’ must cut CC’. Also AA’ itself does not cut 
CC’; therefore AA’ || CC’. 

(6) In the same figure let 4A’ and BB’ be || CC’. Then 
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any line within the angle CAA’ must cut CC’, and therefore 
BB’. Also AA’ itself cannot cut BB’, for then we would 
have two intersecting straight lines AA’ and BB’ both 
parallel to CC” in the given sense. Therefore 4A’ || BB’. 

Parallels in hyperbolic geometry are, however, sharply 
distinguished from euclidean parallels by the following 
property : 

The distance between two parallels diminishes in the 
direction of parallelism and tends to zero: in the other 
direction the distance increases and tends to infinity. 


= 


ce 


Fie. 12. 


Before we can prove this we shall require several pre- 
liminary theorems, 


5. If a transversal meets two lines making the sum of the 
interior angles on the same side equal to two right angles, 
the two lines cannot meet and are not parallel. 

Let PQ be a transversal cutting the two lines AA’ 
and BB’ in P and Q (Fi g. 13), and making the sum of the 
angles APQ + PQB equal to two right angles. Then, since 
the sum of the angles PQB+B’QP=-, therefore the 
alternate angles APQ and B’QP are equal. 

Pact PO at M and draw MK1AA’ and ML BB’. 


a = 
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Then the triangles MKP and MLQ are congruent and 
4KMP=CLIMQ. Therefore KML is a straight line, 
perpendicular to both AA’ and BB’. 

By symmetry, if AA‘ and BB' meet on one side, they will 
also meet on the other. This is only possible in elliptic 
geometry. Also if 4A’ and BB’ are parallel in one sense, 
they will be parallel also in the opposite sense, which is 
only true in euclidean geometry. Hence, in hyperbolic 
geometry they neither intersect nor are parallel, 


Fre. 15. 


It follows that ἐξ a transversal meets two parallel Vines it 
makes the sum of the interior angles on the side of parallelism 
less than two right angles. 


6. An exterior angle of a triangle is greater than either 
of the interior opposite wngles. 

Let ABO (Fig. 14) be a triangle with BC produced to D. 
Then if the exterior angle ACD is not greater than the 
interior angle ABC it will be either equal to it or less. 

Suppose first that 

£ACD=ABC, then ACB +ABC=7 
and BA, CA cannot meet (except in elliptic geometry). 
Second. if 2 ACD<ABC, draw BA’ making Z A’BC = ACD. 


re 
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Then BA’ lies withm the angle ABC and must meet 
AC, while the sum of the angles A’BC + A’CB=7, 
But this is impossible (except in elliptic geometry). 


D 
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Hence the “theorem of the exterior angle” is true, 
except possibly in elliptic geometry. 


7. The parallel-angle IX(p) diminishes as the distance Ὁ 
increases, 

Let AA’ and BB’ be || MM’ (Fig. 15), and ABM 11MM’; 
and suppose 4M >BM. 


M 
Pie. 15. 
Then /£MAA'+ABB’ <7. (§5, Cor.) 
But 4 MBB + ABP =7. 
Therefore f.MAA'=<= MBB’, 


’ To avoid further prolixity we shall assume, or leave as 
exercises to the reader, the theorems that II (p) is uniquely 
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defined for any value of p, and that there is a unique value 
of p corresponding to any acute angle as parallel-angle. 
Further I1(p) is a continuous function of p. As p>o, 
[I (p) +0, and as p—0, Πρ) ma The analytical expression 
for II (p) will be found later in §27. The range of p may 
be extended into the negative region. If we suppose the 
point A to move to the other side of the line MM’, the 
angle MAA’ will become obtuse, and we have, in fact, 
Il (—p) ἘΠ᾿ 2) ==. 

8. (a) Let ABNM be a quadrilateral with right angles 

at the adjacent vertices M, N, and let MA=NB. If we 


ec 


Fira. 16. 
bisect, MN perpendicularly by PQ we see from symmetry 
that the angles MAB and NBA are equal. 

Draw AA’ and BB’ || MN. Then, since MA=NB, the 
angles JJAA’ and NBB’ are equal. 

But 2A’AB+B'BA<-7z: therefore 2 B’BC>A’'AB. 

Hence 2MAB<NBC, and the angles MAB and NBA 
are acute. Thus, hyperbolic geometry implies Saccheri’s 
Hypothesis of the Acute Angle. 

It follows, by considering the quadrilateral AMQP, that 
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if a quadrilateral has three right angles the fourth angle must 
be acute. | 
(b) If AM, BN are perpendiculars to MN and AM>BN, 
then the angle MAB< NBA. 
A 


Fic, 17, 
Cut off MA’=NB. Then 
LNBA>NBA' =MA'B> MAB, 

from the theorem of the exterior angle. 

Conversely, if 2 MAB<NBA, then MA>NB. (Proof 
by reductio ad absurdum, using (a) and (6).) 

9. The distance between two intersecting lines wncreases 
without Limit. 

Take two points P, P’ on OA such thet OP’ >OP, and 


Fie. 18, 
drop perpendiculars PM, P’M’ on ON. Then the angles 
M’P'O and MPO are both acute. 


᾿Ὶ 
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in some point A’, Then M ‘A'< MP’ <e. Hence the 
distance between the parallels diminishes indefinitely. Ὁ 

Parallel lines are therefore asymplolic, and not equl- 
distant as in euclidean geometry. 
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Therefore 7 M'P’P<MPP’, and hence M’'P’ - ΜΡ. 
Take any length ΘΟ. Let ON be the distance correspond- 
ing to the parallel-angle NOA, and draw NN’ LON. Then 


NN'||OA. Take NH >G, and draw a line HK making the 
acute angle N’HK. Then HK, which lies within the angle 
OHN', must meet OA in some point K. Draw KE LON. 
Then, since the angle KHN is obtuse, ~LKH<NHK; 
therefore LK>NH>G. Hence the perpendicular PM 
can exceed any ‘ength. 


10. (a) The distance between two parallels diminishes in 
the direction of parallelism and tends to zero. 
Let AA’ || MM’, and let AM, BN be two. perpendiculars 
A 


i 


Fra, 18. 


dropped on MM’ from points on AA’, such that B lies 
on the side of A in the direction of parallelism. Then 
the angles MAA’ and NBA’ are both acute; therefore 
4 MAB< NBA, therefore NB< MA (ὃ 8 (δ), converse). 
Choose any length e, however small, and make MP<e. 
Draw PBL MA. If PX || MM’, 2 MPX is acute: there- 
fore PB lies within the angle APX and will meet AA’ in 


some point B, since PX || AA’. 


Make 2NBP’ =NBP, BP’ =BP, and draw P’M' 1 NM’. 
Then BP’ neither meets nor is parallel to NM’, and BA’ 
must lie within the angle M’ BP", and therefore meets M’P’ 


(b) In the direction opposite lo that of parallelism the 
distance between two parallels increases without limit. 

We have, in Fig. 19, AM >BN. Draw AL || ΜΉ 
(Fig. 20). From P, any point on A’A, draw PN LM’'M, 


Fig. 20. 
cutting ALin R, and draw PK 1 AL, Then PN >PR>PK, 
and PK. the distance of P from AL, can exceed any length. 
Hence PN can exceed any length. | 

11. Two parallel lines can therefore be regarded as meelung 
αἱ infinity, and, further, the angle of intersection must be 
considered as being equal to zero. 

A 


Fio. 21. 
Let AA’ || BB’, and choose any small angle «. Draw 


— - 


rd 
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AP making 2PAA’<e. Then AP cuts BB’ in some 


point P. Make PQ=PA, and join AQ. Then 
ZLAQP =PAQ< PAA’ <<. 


Hence as BQ=>a, AQ tends to the position AA’, and 


ZAQB-0, 


12. Non-intersectors. 
If two lines are both perpendicular to a third, they cannot 
meet and are not parallel; and conversely, if two lines are 
᾿ hon-intersecting and not parallel, they will have a common 
perpendicular, 
Let AB’ and LX be any two lines (Fig. 22). From any 
point A on the one line draw a perpendicular AZ to the 


other. Then if AZ is not perpendicular to both lines 
it makes an acute angle with AB’ at one side, say the angle 
LAB' is acute. If BM is another perpendicular on the 
side of AL next the acute angle, and such that the angle 
MBB’ is also acute, then MB< LA. The distance between 
the two lines thus diminishes in this direction, but unless 
the lines intersect or are parallel, it cannot diminish inde- 
finitely. 

Draw MM’ || BB’, and let the perpendicular C’N’ to 
LX from any point C’ on BB’ meet MM’ in Q. Then 
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O'N'>QN’. But QN’>o ; therefore C’N’-co. Thus 
the distance between the two given lines AB’ and LX at 
first diminishes and finally tends to infinity. It must, 
therefore, have a minimum value, and, if UV is that mini- 
mum distance, UV must be perpendicular to both lines. 

Hilbert’s' construction for the common perpendicular. 

Take A, B, any two points on the one line (Fig. 22), and 
draw perpendiculars AL, BM on the other. If AL=BM, 
the common perpendicular is found by bisecting LM 
perpendicularly. 

Suppose AL>BM, Make LP=MB, and the angle 
LPP'’=MBB'. Draw LL’ || PP’ and MM’ || BB’. ‘Then, 
from the congruence of the figures XLPP’ and XMBB’, 
the angles XZL'’ and XMM’ are equal. Hence LL’ 18 
ποῦ parallel to MM’, and therefore is not parallel to BB’ ; 
nor does it meet MM’, therefore it must cut BB’. There- 
fore, since PP’ || LL’, it must meet BB’ in some point C. 
Make BC’=PC. Draw the perpendiculars CN, ΟΝ to LX. 
Then, comparing MBC'N’ and LPCN, we find CN ΞΟ Ν', 
and the common perpendicular is found by bisecting 
NN’ perpendicularly by UV. 


13. If we make the common perpendicular to two non- 
intersecting lines zero, the two lines will coincide, but if 
the common perpendicular at the same time goes off to 
infinity the two lines may become parallel. 

Two straight lines may therefore be— . 

(1) Intersecting, and have a real angle of intersection, 
but no common perpendicular. 

(2) Non-intersecting, and have a real shortest distance 
or common perpendicular, but no real angle. 


' Grundlagen der Geometric, 2nd ed. (1903), Appendix ΠῚ, § 1. 
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(3) Parallel, with a zero angle and zero shortest 
distance or common perpendicular at infinity, 


Before the principles of non-euclidean geometry became known, 
lines were sometimes classified as convergent, divergent and equi- 
distant. In fact, from the assumption that two straight lines cannot 
first converge and then diverge without intersecting, Robert Simson 
(1756) was enabled to prove Euclid’s postulate. In non-euclidean 
geometry equidistant straight lines cannot exist. Intersectors 
are convergent or divergent in the same sense as in euclidean geo- 
metry; parallels are convergent and asymptotic in one direction 
and divergent in the other ; non-intersectors are ultimately divergent 
in both directions. 


Planes, Dihedral Angles, etc, 

14. If two planes have a point in common they have a 
line in common.' The dihedral angle between two planes 
is measured in the usual way by the angle between two 
intersecting lines, one in each plane, perpendicular to the 
line of intersection. If this angle is a right angle the 
planes are perpendicular. 


The usual proof in euclidean geometry that the dihedral angle 
measured in this way is independent of the point chosen on the line 
of intersection involves parallels, and another proof is required, 

Take P, P’, any two points on the line of intersection of two 
planes a, 8 (Fig. 23). Draw PA=P’A’L PP’ in the plane a, and 
PB=P'B'1PP’ in the plane βι Join PA’ and P’A intersecting in 
U, and PB and P’B intersecting in V. Then, by comparing the 
triangles PAP’ and P’A’P, we find PA’=P’A and L PAU =P"A'U. 
Hence PU=P'U. Similarly PB’=P’B and PV =P’. Hence, 
by comparing triangles PUV, P’UV, we find LUPV=UP’PD. 
Then, by comparing triangles PA’ B’ and P’A B, we find AB =A‘R’. 
Lastly, by comparing triangles APB and A‘P’B’, we obtain 
LAPB=A’P’ RB’. 


For the following theorems the usual proofs are valid. 


‘This is an assumption, explicitly excluding space of four or more 
dimensions, 
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If a straight line Ὁ is perpendicular to each of two inter- 
secting lines a, 6 at their point of intersection O, it is 
perpendicular to every line through O in the plane ab, and 
is said to be perpendicular to the plane ab. Every plane 
through p is perpendicular to the plane ab. The line of 


r 


intersection of two planes which are both perpendicular 
to a plane a is perpendicular to a. Two parallel lines lie 
in the same plane (by definition). Two lines a, 6, which 
are both perpendicular to a plane y, lie in a plane, for if a,b 
cut yin A, B, then the planes aB and 6A are both perpendi- 
cular to y, and therefore coincide. . | 
Three planes which have a point in common intersect in 
pairs in three concurrent straight lines. Three lies which 
intersect in pairs are either concurrent or coplanar. 


15. (a) If two lines AA’ and CC’ are both parallel to a 


third line BB’, then AA’ \| CC’ (Fig. 24).. : 
(The case in which all three lines lie in the same plane 


‘# 


44 ELEMENTARY HYPERBOLIC GEOMETRY [m. 15 


has already been, proved in 84.) Take three fixed points 
A, B, C on the three lines, and any other point P on BB’, 
ater wea 


AY 


Fre, 24, 


Join PA, PC. As P moves along BB’, the plane PAC 
rotates about AC. In the limit, 4P and CP become 
parallel to BB’, and coincide respectively with AA’ and 
CC"; therefore 4A’ and CO’ lie in the same plane. 

Again, if CP is fixed while the plane PAC revolves, PA 
tends to PB’ and the plane CPA to CPB’. CA, the line 


Fie, 25. 


of intersection of the planes CPA and C'CAA’, therefore 
tends to CC’, and CC’ || AA’. 


This result may be stated also in the form: two planes 
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which pass — through = parallel lines intersect 
a line parallel to the two given lines. ᾳ 
“Ὡ if thre planes a, 8, y wmlersect m lines a, 6, e, euch 
that a and b are neither parallel nor intersect, then a, ὃ, 6 
are all perpendicular to the same plane (Fig. 25). | | 

Let AB be the common perpendicular to a, ὃ, Then 
the plane through Ata passes through B and is 1 es 
plane ab, and therefore 16. Let this plane cut 6 in . 
Then the planes ac and be are both perpendicular to the 
plane ABC, and therefore a, b, ¢ are all perpendicular to 
this plane. - 

Pencils and bundles of lines. . 

; oman coplanar lines through a point Ὁ Is called 
a pencil of lines with vertex 0. ‘The whole system of lines 
and planes through O in space is called a bundle of lines 
and planes. 


Fic. 26. 

Ifa system of lines is such that each is parallel in the same 
sense to a given line, they are all parallel in pairs (8 15 (a)), 
and: form a pencil or bundle of parallel lines, or a parallel 
bundle. This is completely determined by one line with a 
given direction. 
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Denote a bundle of lines with vertex O by O, and a bundle 
of lines parallel to / in a given sense by Q. Then these two 
bundles uniquely determine a line OQ, which passes through 
0 ~ is parallel to 1 in the given sense. 

wo parallel bundles Q, Q' uniquel rmi 
‘WO paral ἷ y determine a li 
QQ’, which is parallel to both Zand I’. The line QQ’ μῶν 
- constructed thus : Take any point A and determine 
AQ and A{Y (Fig. 26). Bisect the angle QAQ’, and take 
the distance AN corresponding to the parallel-angle 3040’. 
The line through N LAN in the plane QA)’ is || AQ and 
to AQ’. 
So also we can prove that any three bundles, ordinary 
: parallel, uniquely determine a plane, for each pair 
etermines a straight line, and the three straight li 
determined are coplanar. —s 


17, Points at infinity. 

To an ordinary bundle corresponds a point O, but to a 
parallel bundle there is only a direction correapondiny 
We shall extend the class of points by introducing a ia 
of fictitious points called points αἱ infinity. These points 
function in exactly the same way as ordinary or, as ᾿ς shall 
call them, actual points, and determine lines pe lan 
ἘΠ each other or with actual points. > 

n every line there are two points at infini 
assemblage of points at infinity a a plane i ‘ μόλις πὸ 
second degree or conic, since it is met by any line in two 
points. In three dimensions the assemblage is a surface 
of the second degree or quadric. This figure, the assem- 
blage of all the points at mfinity, is called the Absolute Ὦ 
' The definition of a conic which we shall use is “ a plane curve which is 


eut by any straight line in its in : 
ro caer 8 plane in two points.” 
of the case of imaginary ” intersection ahs Chap. IIL Ἢ te explanation 
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When two points at infinity approach coincidence, the line 
determined by them becomes a tangent to the absolute. As 
Q, 2’ approach, the angle QA" in Fig. 26 tends to zero 
and AN->o. The line QM’ therefore goes off to infinity. 
Such a line is called a line at infinity. Similarly we obtain 
planes at infinity, which are tangent planes to the Absolute. 


In euclidean geometry there is just one parallel through a given 
point to a given line in a plane, and the two points at infinity upon 
a line coincide, The assemblage of points at infinity in a plane then 
reduces to a double line, the line at infinity, which is a degenerate 
case of a conic. There is in this case only one real line at infinity; . 
but any line whose equation in rectangular coordinates is of the 
form «+iy+c=O0 is at an infinite distance from the origin, since 
1+ 2-0, and the assemblage of these lines consists of two imaginary 
pencils. The equation of the line at infinity is a =O0r+0y+1=0, 
and the equations of the two pencils are o+Aa=9, w’ +Aa=0, 
where ὦ, ὦ =a + ty. . 

The absolute in euclidean geometry thus consists, as a locus of 
points, of the line at infinity a =0 taken twice, and, as an envelope 
of lines of two imaginary pencils w+Aa=0, w’+Aa=0, with their 
vertices on the line at infinity. These two imaginary vertices are 
the points of intersection of the point-circle ww’ = αὐ τ ν᾽ =0 with the 
line at infinity Since the equation of any circle can be written 

wo’ +ua=0, where τι τεῦ represents a straight line, we see that 
every circle passes through the two points (ww’=0, a=0), and for 
this reason these two imaginary points are called the circular pointe. 

In euclidean geometry of three dimensions the absolute consists, 
as a locus of points, of the plane at infinity taken twice, and, as an 
envelope of planes, of all the planes through tangents to an imaginary 
circle, the intersection of the point-sphere 2*+3/+2*=0 with the 
plane at infinity. 

_'The whole of metrical geometry is determined by the form of the 

Absolute; this will be more fully treated in Chap. V. 


18, Ideal points. 

If a system of lines is such that any two are coplanar, while 
they do not all lie in the same plane and are neither parallel 
nor intersect, then they are all perpendicular to a fixed plane. 
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If a, ὃ are any two of the lines they determine a plane 7, 
Which is perpendicular to both. If ¢ is any third line, 
which does not lie in the plane ab, it is the intersection of 
two planes ae and be, which are both | w, and therefore ὁ 
is | τ (§15(d)). 

We shall call this system, which is completely determined 
by two of the lines, or by a certain plane z, a bundle of 


lines with an ideal vertex 0. The plane z is called the — 


axis of the bundle. All those lines of the system which lie 
in a plane are perpendicular to a straight line /, the inter- 
section of their plane with the fixed plane, and form a 
pencil of lines with ideal vertex 0. The line 1 is called the 
axis of the pencil. 

The ideal points thus introduced behave exactly like 
actual points. They can be regarded as lying outside 
the absolute, and are therefore ultra-spatial or ultra-infinite 
points, 

Two ideal points may determine a real or actual line. 
Considering only points in a plane, the two ideal points are 
determined by two lines a, α΄. If a, a’ are non-intersecting, 
the common perpendicular to these lines belongs to both 
pencils, and is therefore the line determined by the two 
ideal points. If ἃ} α΄, the line 00’ is a line at infinity ; 
if a cuts a’, 00’ is an ideal line, which contains only ideal 
points. An ideal line lies entirely outside the absolute. 
Similarly, in three-dimensional hyperbolic geometry, we 
have deal planes. ) 

It is left to the reader to show now that any two points, 
actual, at infinity or ideal, always determine uniquely 
a line, actual, at infinity or ideal ; and that any three points, 
actual, at infinity or ideal, always determine uniquely a 
plane; actual, at infinity or ideal, 
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These relations, in two dimensions, can be sisal hig.” 
clearly if we draw a conic to represent ἐν — ΔῈ 
assemblage of points at infinity (Fig. 26 ae ere 
points are then represented by points im the interlo Sigs 
conic, ideal points by points outside the ἜΡΙΝ καὶ 
which intersect on the conic represent parallel lines, 


Fie. 26 bis. 


ich intersect outside the conic represent non-inter- 
= a If 02 and Οὔ" are the tangents to the — 
from an ideal point 0, all the lines of the peneil with yates Ε 
Ο are perpendicular to QQ’. For the present this pind 
used as a mere graphical representation. Its full int g 
can only be understood in the light of projective geometry. 
(See Chap. IIT. §§ 5, 6, and Chap. V. §§ 1-14.) 


19, Extension to three dimensions. ; ae 

If the point of intersection of a line with a plane ᾿ 
at infinity, the line is said to be parallel to the plane. : 
the point of intersection is ideal there is a unique line zn 
ἃ unique plane perpendicular to both the given line and the 


given plane. 
N.-E. G, D 


—————— 
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Two planes intersect in a line. If this line is at infinity 
the planes are said to be parallel: if it is ideal the two 
planes are non-intersecting and there is a unique line 
perpendicular to both. 

All planes parallel to a given line in a given sense pass 
‘through the same point at infinity and intersect in pairs 
im a parallel bundle of lines. 

All planes perpendicular to a given plane pass through 
the same ideal point and intersect in pairs in a bundle of 
lines with ideal vertex, 

The following theorem is of great importance : 

Through a Vine which és parallel to a plane passes just one 
plane which is parallel to the given plane, 

Let the line 1 cut the plane a in the point at infinity Q, 
Through Q passes just one line at infinity ὦ, and this line 
determines with J a unique plane, which is parallel to a. 
The actual construction may be obtained thus: Take any 
point 4 onlanddraw AN 1 ἃ. Through A draw AB 1 the 
plane /N. Then Bl is the plane required, 

Through a line which meets a plane a in an ideal point 
0 pass two planes parallel to the plane «a, for two tangents 
can be drawn from 0 to the section of the absolute made 
by the plane a. 


20. Principle of duality. 

There is a correspondence between points and lines in 
a plane, and between points and planes in space, which 
gives rise to a sort of duality. To an actual plane a@ corre- 
sponds uniquely an ideal point A, all the lines and planes 
through which are perpendicular to the plane a; and to 
an actual point A corresponds an ideal plane ἃ, which is 
perpendicular to all the lines and planes through the 
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point A. Let B be any point on a; then the plane 8 which 
corresponds to B must pass through A, since every plane 
perpendicular to a passes through A. If the plane «a is 
at infinity the corresponding point A is its point of contact 
with the absolute. The points and planes are therefore 
poles and polars with regard to the absolute. This reci- 
procity will appear again in elliptic geometry, where the 
elements are all real. 


The Circle and the Sphere. 

21. The circle. 

In a plane the locus of a point which is at a constant 
distance from a fixed point is a circle. The fixed point is 
the centre, and the constant distance the radius. 

A ewrele cuts all its radii at right angles. This follows 
in the limit when we consider a chord PQ, which forms an 
isosceles triangle with the two radii CP, CQ. ‘That 18, a 
circle is the orthogonal trajectory of a pencil of lines with a 
real vertex. ! 

Let the vertex go to infinity; then the lines of the pencil 
become parallel, and the circle takes a limiting form, which 
is not, as in ordinary geometry, a straight line, but is a 
uniform curve. This curve, a circle with infinite radius, is 
called a horocycle; itis the orthogonal trajectory of a pencil 
of parallel lines. The parallel lines, normal to the horocyele, 
are called its radii. All horocycles are superposable. 

To obtain the orthogonal trajectory of a pencil of lines 
With ideal vertex we proceed thus: 

Let AA’ be the axis of the pencil (Fig. 27), and draw 
Perpendiculars to AA’. Cut off equal distances MP, NQ, “ 
along these perpendiculars. Then the locus of P is again 
® uniform curve, which is not, as in ordinary geometry, a 
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straight line; and the curve cuts all the perpendiculars 
to AA’ at right angles. It is therefore the orthogonal 
trajectory required. From the property that the curve is 
equidistant from the straight line AA’ it is called an equi- 


distant-curve. The complete curve consists of two branches, 
symmetrical about the axis, and also symmetrical about any 
line (radius) which is perpendicular to the axis. 

As the axis tends to infinity, the perpendiculars tend to 
become parallel, and the equidistant-curve becomes a 
horocycle. We can thus pass continuously from an 
equidistant-curve to a circle. When the axis goes to 
infinity the centre also appears at infinity; then the axis 
becomes ideal and the centre becomes real. 

There are therefore three sorts of circles : 

(1) Proper circles, with real centre and ideal axis, 

(2) Horocycles, with centre and axis at infinity. 

(3) Equidistant-curves, with ideal centre and real axis, 
A straight line, or rather two coincident lines, is the limiting 
case of an equidistant-curve when the distance vanishes, 


22, The sphere. 

In space of three dimensions the locus of a point which is 
equidistant from a fixed point is a sphere. It is the ortho- 
gonal trajectory of a bundle of lines with a real vertex. 
When the centre is at infinity the surface is called a horo- 
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sphere, and when the centre is ideal the surface 1s an 
equidistant-surface to a plane as axis. 

A plane section of a sphere is always a circle ; the greatest 
section, or the section of least curvature, is a diametral 
section passing through the centre, that is, a great circle 
on the sphere. . 

A plane section of a horosphere is a circle, except when 
the section is normal to the surface, i.e. passes through a 
normal, in which case the section is a horocycle. 

A section of an equidistant surface by a plane which 
does not cut the axial plane is a circle; if the plane cuts 
the axial plane the section is an equidistant-curve with 
the line of intersection as axis; if the plane is parallel to 
the axial plane the section is a horocycle. 


93. Circles determined by three points or three tangents. 


Let A, B, C be three given points: to find the centre of a circle 
passing through A, B, C. Bisect the joins of the three points 


WW 


| 


Ww WNmwetcc 
Fie, 28. 


perpendicularly. If two of the perpendiculars meet, all three will 
be concurrent in the centre required. 
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Suppose the perpendicular bisectors NN’ and LL’ to AB and BO 
are non-intersecting. Let N’L’ be their common perpendicular, 
Let this line cut the perpendicular at M in M’, and draw the 
perpendiculars AA’, BB’, CO’. Then, since NN’ bisects AB 
perpendicularly and is | A’B’, AA’ = BR’. Similarly BB’ =CC’. 

In the quadrilaterals 4A’M’M, COM'’M, AA’ =CC’, AM=MC 
and the angles at M, A’ and C’ are right; therefore if the quadri- 
lateral CO’ M’M be folded over MM’, C will coincide with A, and, 
since only one perpendicular can be drawn from A upon A’M’, 
CC’ will coincide with AA’, and the angles at M’ are right. Hence 
LL’, MM’, NN’ are all perpendicular to A’C’, and ABC lie on an 
equidistant-curve with axis A’B’O’. 

Suppose VN’ || LL’; then MAM’ must be parallel to both. For, 
if MM’ cuts LL’, then by the first case the three lines are concurrent ; 
and if MM’ is a non-intersector to LL’, then by the second case LL’ 
and NN’ are non-intersecting. Therefore ἢ Μ' ΓΔ, A, BG 
then lie on a horvcycle. 

In addition to the circle, equidistant-curve or horocycle, which 
can be drawn through ABC in this way, there exist three equi- 
distant-curves such that one of the points lies on one branch while 
the other two lie on the other branch, Bisect AB, AC at M and N. 
Join MN and draw the perpendiculars AA’, BB’, CC’ to MIN. 
(See Fig. 50, p. 77.) Then AA’=B "τε ΟἿ", and an equidistant- 
curve with axis MN passes through B,C and A. A triangle has 
therefore four circumeircles, at least three of which are equidistant- 
curves, There cannot be more than one real circumcentre. ‘This 
point, which we may call the circumeentre, is the point of conecur- 
rence of the perpendicular bisectors of the sides, and may be real, 
wt infinity, or ideal, 

f L is the middle point of BC, the perpendicular from Z on MN 
is also | BOC, since it bisects the quadrilateral BB’C’C. Hence the 
altitudes of the triangle LMN are concurrent in the circumcentre 
of the triangle ABC. A triangle therefore possesses a unique 
orthocentre, real, at infinity, or ideal. If the orthocentre is ideal 


there is a real orthazis, which is perpendicular to the three 
altitudes. 


The construction for the circles touching the sides of a triangle 
is, as usual, obtained by bisecting the angles. Three of the circles 
may be equidistant-curves or horocycles, 
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24. Geometry of a bundle of lines and planes. 

In plane geometry we have points, lines, distances Νὴ 
angles ; in a bundle of lines and planes through a a 
we have lines, planes, plane angles and dihedral angles τ 
us change the language to make it resemble the Fp oO 
plane geometry. In translating from one language to and er 
we require a dictionary. The following will suffice : 


* Point ” -  - Line through O. 

“Line” - - - Plane through 0. 

“ Distance ” between Angle between two lines 
two points” - through 0. 

“Angle” between Dihedral angle between 
two‘lines” - two planes through 0. 

“Parallel lines” - Parallel planes. 


ΠῚ * noints ᾿ determine a “ line ” and two “ lines ” 
cia. « point.” “ Parallel lines ” only exist when Ὁ 
is at infinity or ideal. εν ἐ 
i hen Oe at infinity, through a given * point there 
passes just one “line” “ parallel” to 8. given line 
(§ 19), and when Ὁ is ideal, two τ eee ‘oan be drawn 
t a given “ point ” to a given “ line, 

tea ats ja three kinds of geometry of a bundle 
according as the vertex O is actual, at infinity or ideal, and 
these are exactly of the same form as elliptic, parabolic 
[.6. euclidean) and hyperbolic plane geometry. Ὁ im 
Τ a sphere be drawn with centre O cutting the lines an 
planes of the bundle, we can get a further correspondence. 
When Ὁ is an actual point we have a proper sphere. We 
have then the following dictionary : 
“ Point "ἢ - Pair of antipodal pomts on sphere. 
“Line” -  - Great circle. 
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“ Distance” - - Length of are. 
“Angle” between Angle between great circles, 
** lines ” 


Hence the geometry on a proper sphere, where great 
circles represent lines, and pairs of antipodal points repre- 
sent points, is the same as elliptic geometry. (See further 
Chapter ITT.) 

When O is ideal, the sphere becomes an equidistant- 
surface, and its geometry is hyperbolic; when O is at 
infinity it becomes a horosphere, and _ its geometry is 
euclidean : “ point” in each case being represented by a 
point, and “lines” by normal sections, which are also 
shortest lines or geodesics on the surface. 

We have here the important and remarkable theorem 
that the geometry on the horosphere is euclidean. 


Trigonometrical Formulae. 


25. We shall now proceed to investigate the metrical 
relations of figures, leading up to the trigonometrical 
formulae for a triangle. The starting point is found in a 
relation connecting the ares of concentric horocycles, and 
this leads to the expression for the angle of parallelism. 
The great theorem which enables us to introduce the 
circular functions, sines and cosines, etc., of an angle is 
that the geometry of shortest lines (horocycles) traced on a 
horosphere is the same as plane euclidean geometry, 
Let A, B, C be three points on a horosphere with centre Q. 
The planes ABQ, ete., cut the surface in horocycles, and 
we havea triangle ABC formed of shortest lines or geodesics, 
which are arcs of horocycles. The angles of this triangle 
are the angles between the tangents to the arcs or the 
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dihedral angles between the planes QAB, OBC, QCA. Ee 
the angle at C is a right angle, then the ratios of the ares 


De or AO sap A, ete. 
ma ae 
The circular functions could be introduced κἰϑρὶ αν βαδαμὶ seer 
horosphere by defining them as analytical functions of the angle ὕ, 
NEE Ἢ 
ὼ sin = 0— τεσ, 
oO 
008 91-54 Fee, 
i f a flat-angle is 
| it of angle being such that the measure Ὁ mae . 
ἐμόν αν δ ᾧ χρυσοῦν may call this “ circu lar measure one Ξ 
β ald be shown that if ABC is a rectilinear triangle, ἰδ gee ͵ 
C. the ratios BC/AB and AC/AB tend to the limits sin pps a 
a BC, AC and AB all tend to zero, while the angle 
(Cf. Chap. IIL § 18, footnote). 


96. Ratio of arcs of concentric horocycles. 


Let 4,Q, B,Q be two parallel lines, and let ees be = 
by horocycles A,B,, 4B,, A,B, with centre at infinity &2. 


: 
Fie, 29. 


Then the ratio of the arcs A,B, : A,B. depends only on the 
distance 4,A,=2. (See Ex. 25 and 26.) 


Pe 
Let 4¥ afte); then 5 - 70} and Zip λα τι) 


Therefore 71(α τι) =f(@) -f(Y)- 
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This is the fundamental law of indices, and the function Since BY 1 AB the plane er a a 
is therefore the exponential function : the angles which abe pee Sees ee 

f(a) =e, lines 24, QB, QC" are all right, τ 

ὁ being an absolute constant greater than unity. f(z) is ΖΟ 48’ =TAB=II1(p), LAB -ο: 
ἃ pure ratio, and must be independent of the arbitrary " 
unit of length which is selected ; therefore log f(x) or zloge — — 
must be a pure ratio. Hence log c must be the reciprocal 
ofa length. We shall put log,c= I/k; then 


fe) =e, 

where & is an absolute linear constant and 6 is the base of 
the natural logarithms. & is called the space-constant ; | [A 
i 


its actual value in numbers of course depends upon the 

arbitrary unit of length which is selected, but it forms | J. [ sy 
itself a natural unit of length, and it is often convenient i 
to make its value unity. This is one of the most remarkable τ ἾΝ 
facts in non-euclidean geometry, that there is an absolute A Ἔ 
unit for length as well as for angle. It can be proved (see ; Fie. 80, 
$39) that k is the h of the are of a horocycle which is | e is euclidean, 
such that the cheep gee extremuy is parallel to the radius ) pe een eee ese a eee 

| | £ AC'B =5 -Il(p). 


δ 


“τας ἃ 


through the other extremity. 
27. The parallel-angle. | a tp) <2: 
We can apply this now to find the value of the parallel- Hence sin IT(p) =>, ans 05 EL(p) =3 5 
angle II(p) in terms of p. This is the simplest case of the | a (1) 
determination of the relations between the sides and angles therefore tan SIT (p) ‘ian i ee 
fatriangle. The triangle in this case has two sides infini » F | ' : : 
a ἘΜῈ ΕΝ and βῆ τονε angle zero. ane ἢ The are of the horocycle one en fe eh ων Sa 
Let Al’ 1} BI’, and 4B. BY (Fig. 30). Erect a perpen-  _—‘ength of the are which is nies ree. wine ovieemniby 
3 . . , ] - 5 :. din δ Ivy. 
dicular at A to the plane of ABI’. Draw the parallels BQ ὦ το απ pepccer bed οι νον τῆς, Ri 
and ΤῺ. Draw the horosphere with centre at infinity Q 4 n Fig. 30 BK is such an ἊΝ : 
and passing through A, and let it cut BO in B and TQ \ =e. ΠΈΣΕ ΞΕ τ ΑΘ Guanes (2) 


ἴη Οὐ. Let BB’ =y, and the arcs Β΄", C"A, AB’ bea, ὃ, ο. 
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Now fold the plane QAT abo | 
maa ut QA until it lies in the 
plane QAB (Fig. 81). Draw TB" ΒΩ, Then rae Fe 


ft 
i 


Fie. 31, 


the horocyclic are B’O” wi 
with 
BB" =p; therefore 8΄ 8" =p a Q, this are 


τεῦ. Also 
Therefore e+ ee 
πο ΡΟ) 
Hence, multiplying (2) and (3) and using (1), we have 


Ῥ 


tan ὁ1|(}} --ο΄Ἑ, 

This relation may be put into other forms, 6.0. 
cot II (p) =sinh ? ; 

other equivalent forms can be read off from 


panying figure Fig, 3° : the accom- 
triangle. (Fig. 32), treating the figure as a euclidean 
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We shall effect a simplification by taking in the following 
paragraphs (δὲ 28-37 ) the constant ὦ as the unit of length. 


Ilyp) 
sinh " 


116. 32. 


The formulae may be restored in their general form by 
dividing by & every letter which represents a length. 


98. Two formulae for the horocycle. 

Let AB=s be an are of a horocycle with centre Q, and 
let S be the length of an are of a horocyele such that the 
tangent at one end is perpendicular to the radius at the 
other end (Fig. 33). Let s<S. 

Extend BA to M so that BM=S; then AM=S -s. 
Take A, on the radius through A so that the perpendicular 
at A, to A,A is parallel to MM,. Then the are 4,M, =S. 
Let BQ, cut 4,0 in D. Then DA,=DB=t, say. Let 
DA-=u. Then we have, comparing the arcs A,M, and AM, 

Fy we B98, cscsicevsasonsocoseonneenerenen ἢ) 

Extend AB to N so that BN=S. Take A, on the radius 
through A so that the perpendicular at A, to AAygis parallel 
to M,N. Then the are A.M,=8. And since BQ || DA, 
and A,Q, || DB, DA,=DB=t. 

Then Bag mB: cncessscnrosnionsnssaravversmoeQe) 

Adding these two equations, we get 

2S =Se-"(e +e-') 
or « =} (et Ὁ Θ΄ ἢ) =cosh f. πιο DRTC 
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Substituting in (1), we get 


| 26: e-e-' . 
$0 8(1 Fo) 85a ~Stanhe. ........g 


Draw s’ the are of the 
through ἢ), 


Then 


horocycle with centre Q passing 


8’ =se“ =§ tanh ¢. cosh t=8 sinh ¢. sshacusvessessl 
These two formulae 


ordinate at the extremity of an are of a horocycle, viz, if 


Ἂ 


A, ἢ Β j 


FIG. 33, 


8. is the are AB of a horoéyele, ¢ the length of the tangent 
AT intercepted between the point of contact A and the 
radius through B. and y the ordinate AN from A on the 
radius BT’, then 


s=S tanh ὁ τα δ᾽ sinh y, 


28 


(A) and (8) give the tangent and — 
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99. The right-angled triangle; complementary 
ἀν Sa coined triangle with right ange 8 C. 
Denote the sides by a, b, the hypotenuse by 6, the angles 
gage τ Then ἐπ at five segments and 

by t ations 
Mealt@), B=U@y y=, =I, =H 


Fig. 84. 

Let «’ denote ἐπ -—a; then we have the complementary 

ments and angles 
% a’=II(a’), 6’ ΞῚΠ (δ, ete. | 

We have to deal with the circular functions of the ree 
and the complementary angles are of course connected by 
a sina’=cosa, tana’ =cota, ete. 

We have also to deal with the hyperbolic functions of 
the segments, and we have the relations grad 

sinh a =cot II (a) =cot a =tan a’ =tan IT allege) 7 

cosh a =cosee I (a) =cosec ἃ =sece α =sec IT (a) =cotha’. 


30. Correspondence between rectilinear and spheri- 
cal triangles. | 7 

Draw AQ | the plane of the triangle (Fig. 35), and draw 
BO and CQ || AQ. 
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1.31] ASSOCIATED TRIANGLES 65 
ς ili r triangle ὃ, an, ὃ μὴ corre- 
Then BQ || CO, and BC | plane ACO; therefore BC | CO. B=II(b), ie, to μι a : τὴ os 
The plane QB4 | plane ABC, and the angle between the sponds the spherica ile al aa 
planes OBC and ABC =I] (ὁ). Also, since the planes QAB, οἱ, (Anenolated ttanuton ee 
- . , four 
-- To the spherical triangle (a, μ X’, y 8) we get fo 


Fia, 35, 


QBC, OCA intersect in parallel lines, the sum of the angles 
of intersection =~; therefore the angle between the planes 
QAB and OBC =7 —). 


Now draw a sphere with centre B, and we get a rigut- 
angled spherical triangle with hypotenuse a =IT (a), sides 
μι and y=IT(c), measured by the angles which they sub- 


tend at the centre, and opposite angles N=5 πὰ and 


assoc triang » polars of the two 
iated t les by drawing the po 

faction (cf. Chapter ITT. §20). This gives a star ——— 
(Fig. 36) whose outer angles are all right angles. The five 


Fia, 36. 


associated right-angled triangles have the parts indicated 
in the figure. The inner simple pentagon has the measure 
of each side equal to that of the opposite exterior angle. 

If we write down in cyclic order the parts λ', μ΄, a, y’, 8 
as they occur on the sides of the simple pentagon, the parts 
of the five associated spherical triangles can be written 
down by cyclic permutation of these letters, thus : 


l. a » rN, Y B. 
2. γ΄, a’ a's β' >". 
3. B, ya, A μ΄. 
4. pole : γ᾽, μα. 
5. a’, AB, α΄ γ΄. 


N,-E, G, 


iy a 
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Corresponding to these we get five associated rectilinear 
triangles : 


Loy ἃ Ἂν, ἃ is 
2. δ', ο' Ms i α΄. 
9. l : b a’, m’ Ὕἤ: 
4, m Ϊ νγν. ἃ Β΄. 


δ. a’, m’ β', ο' λ ἃ 


Hence, if we establish a relationship between the sides 
and angles of one triangle, we can obtain four other relation- 
ships by applying the same result to the associated triangles 
or by a cyclic permutation of the letters (U'm'ae’b) (πα! οὐ) 
(λ΄ μ'αγ' βγ(λμαγβ᾽.. 


32. Trigonometrical formulae for a ri 
cael or a right-angled 


Produce the hypotenuse AB to D so that the per- | 


pendicular at D to AD is parallel to AC. Then AD=l, 


Fila. 37. 
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BD=1l-c. Draw the horocyclic arcs with centre Q passing 
through D and Β. Then (by § 28 (a), (8) and (3).) 
$,+s,=Stanhl,  s,=S tanh (/-c), 
s, =se~" =S sinh a/cosh (1 —¢). 
Therefore , 
tanh 1 =tanh (1 —c) +sinh a/cosh (1 —c), 
sinh a cosh 1 =sinh J cosh (Ἰ —c) -- cosh / sinh (1 -c) =sinhe, 
or sinh @=sinh ὁ SIMD. .......ἁ(ὐνονννννννννν»... {1} 
From the associated triangles we get 
sinhe’ =sinhb’ sing; therefore sinhb=sinhe sing. (2) 
sinhb =sinh/ sin a’ sinhb=tanhacotr. (3) 
sinh!’ =sinhm sin y coshe=cot\ cotu. (4) 
sinh m’ =sinh α΄ sin β' sinha=tanhb cots. (5) 
From (3), (4) and (5) we get cosh c=cosh a cosh ὃ. (6) 
(1), (4) and (5) cos\ =tanhb cothe. (7) 
(1), (2) and (3) cos\=cosha sing. (8) 
(1), (2) and (5) cos =coshbsin\. (9) 
(2), (3) and (4) cos 4 =tanh ἃ coth 6. (10) 


33. Engel-Napier rules. 

These ten formulae, which connect all the five parts of 
the triangle in sets of three, are of exactly the same form 
as the formulae of spherical trigonometry, with hyperbolic 
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functions of the sides instead of circular functions, and can 
be written down by Napier’s rules! If we write the five 
parts ὃ, A, δ, κα, @ in cyclic order as they occur in the 
triangle (Fig, 38), then 
sine (middle part) = product of cosines of opposite parts 

(A) = product of tangents of adjacent parts, 
it being understood that the circular functions of the angles, 
and the hyperbolic functions of the sides, are taken, and 
each function of & is the “ complement ” of the correspond- 
ing function of x, i.e. cosh 7=sinh ο, tan \ =cot A, ete. 


[Nore.—) has the same meaning as λ΄, but 2 is not the 


same as c’.] 


This rule may be put in another form, which is more homogeneous, 


Fia, 89, 


if we express all the formulae in terms of the segments a’, I, δ, m, bi’, 
The formulae become : 


cosh ¢ =sinh ὦ sinh m=coth a’ coth ἐγ, 


mnemonics or ot oak curiosities with no fundamental scientific basis, 
The properties of the beautiful star-pentagon (“ Pentagraminia miri- 
ficum ’*), by which these rules were ori y established by Napier, 
were extensively studied by Gauss (Werke, iii. 481), The foundation of 
the rules for hyperbolic geometry was laid by Lobachevsky, New Founda- 
tions of Geometry, chap. x. He makes use of the diagrams in the first 
πρὸς of §35 modified forms of Napier’s Rules were established by 

gel in his edition of Lobachevsky’s New Foundations, p. 345, 
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and four other pairs obtained by the cyclic permutation (/ma‘cb’) 
a‘lemb’). δ ἜΝ 
i we write the five parts a’, l, c, m, b’ in cyclic order (Fig. 39), 
then i | 
cosh (middle part) = product of hyp. sines of adjacent parts 
(8) | =product of hyp. cotangents of opposite 
parts. 


i i if ith circular functions 
eee έν veadeyicl hes pean eae in euclidean 
space with hypotenuse c, sides /’ and m’ and opposite angles a 
and 6’. . | 

34. Expressing the formulae in terms of a’, A, y, μ, β΄, 
we get, since 
a salem ϑαῦδα £, sinha=coté, coth ἃ --Βθ0 £, 
where ἃ stands for any one of the letters @, b, ¢, l, m, and 
ὃ for the corresponding Greek letter a, 6, yA, Mts 
sin y =tan ἃ tan μι =cos a’ cos β΄, 


Fie, 40. 
Ϊ Ϊ | lic permutation 

With four other pairs obtained by the eye ἱ 

(«'\yu8’). They may be read off from Fig. 40 by applying 

Rule (8) with circular functions. | ? 
But these are the formulae for a right-angled spherical 

triangle with hypotenuse y’, sides a’ and 6 and opposite | 

angles μ' and λ΄ ; or one with hypotenuse a, sides » and Ὑ 3 


i 
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and opposite angles \’ and 8. But this is just the spherical — 


triangle which we found to correspond to the rectilinear 
triangle (§ 30). Hence the formulae for a spherical triangle in 


hyperbolic space are exactly the same as those for a spherical 


triangle in euclidean space, when we take as the measure _ 


of a side the angle which it subtends at the centre, and as 
the measure of an angle the dihedral angle between the 
planes passing through the sides and the centre. (Cf. 
Chap. III. § 21.) It may be noted that the letters μ', a, γ΄, 
8, λ' in Fig. 40 are the same, and in the same order, as those 
on the sides of the simple pentagon in Fig, 36. 


35, Correspondence between a right-angled triangle 
and a tri-rectangular quadrilateral, 


Draw BQ ||CA, and DQ1BA and || CA (Fig. 41), Then AD =I, 
CBQ Ξε, and 


O— οὐ ceccceescesceceeee (1) 
Similarly B-A=Tl(e+m). .................. sows ate 
ἢ 
.----- οὔ. 


RAL 71 
4.36] TRI-RECTANGULAR QUADRILATERAL 
Draw BQ || AC, and DQ.1BA and || AC (Fig. 42). Then a " 
CBQ=a, and ry EAD Nceean bene ceases Bs 
A= ὃ -- ||) eee νον κεδθεννα 
Similarly B+ 


A 


Fie. 42. 
Note.—If 1>c, then π-ία ἐμὴ) ΞΙΠ (ἐ--ἢ; 
ἶ πὶ 
if 1ττῦ, «ἐμ- Π|0)-ς ; 
which are both contained in (2) if we understand that 
ΠῚ -x)=a — IT (z). : és 
Draw DQLCA and || BA, and HOLBC and || BA (Fig. 


a al 
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ΟΠ χκὸν the quadrilateral is determined by ¢ and w. Let t=c and 
a=m’. Then ᾿ 
II (¢+m)=0-T1(w)=6 -- A, from (I) and (1). 
Il (c -m)=6+II(w)=8+A, from (I’) and (2’). 
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Pa AD=1, BE =m, ΒΟ =T1 (m ~a), DCQ=T1 (+b), and | 
7 T(m—a)+T1@+d)=5. sesteseeeesnenenaned() 


ΓΝ , ; - ‘ | 
ποτ Πρη Ἐα) ἘΠῚ “De τοὐχονυουνυνὰ πο Therefore θ-- β and II (w)=A or w= and f=b. 
In the tri-rectangular quadrilateral with angle @ and sides in order A teus 
| B 
ΐ ς " 
4+— }a Ε΄ Fic. 45. 
Fie, 44. ; “ Then, comparing (ITI) and (3), we have 
ἐγ u, Ὁ, w, draw BO || DO and 1 AB (ig. 44). Then BE =u’, for I (m-v)= 5-11 (0+b)=T1 (m-a); therefore v=a, 
i ici alae DAQ =I (w), BAQ =II (t+u’), and | 1 
qx Tl (w) +I (t4-0’)=6. aioe ee ἶ 
eng T(t) ἘΠ. =O. eee. μενος ᾽ 
γον AQ || 6}, and ΕΏ.1.4.8 and || CD (Fig. 46). ‘Chen BF —»,’ 
DAQ - (w), BAQ=T1(-w?), ana g-45). ‘Then BE =u’, 
a: FN (w)+O=TM b=). ooo eocccecceee (1 
7 TG} + O= TM 70), ἐς (17 


Draw HQLOD and || BA, FQ ΠΑ and || BA (ΟἹ 1 
EO=u’, and if AF=f, 0=T1(f), and we have °° TH 


᾿ 


pied = . Β ᾿ ᾿ 4 
a ἡ IT (u ~~) +I w+ f)=5. τευ ΤῈ ν (ΠῚ 
αὐλῶν ee T 
ἌΝ | TT (w’ - u) +11 (1 2 fa err eee) ([ΠΊ. 
δι 
τ᾿ Ἧ 
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Hence, to a right-angled triangle (c, a A, b μι) there corresponds a 
tri-rectangular quadrilateral with angle ® and sides, starting from 
the angle, c, m’, a, 1. By reversing the order of the sides, we get 
the quadrilateral (8, lam’c), to which corresponds a triangle 
(ἢ, m’y, ba’), or (1, ba’, m’y), Fig. 47. 


Fre. 47. 


If we take a’, l, c, m, b’ as quantities determining the parts a, A, 
δ, #, ὃ of the triangle, then we get a triangle corresponding to the 
quantities b’, a’, 1, δ, m, and similarly, by cyclic permutation, we get 
five associated triangles. This forms an independent proof of the 
result deduced in § 31 from spherical triangles, 


36. We can deduce from this correspondence that the relations 
between the parts of a tri-rectangular quadrilateral can be written 
down by rules exactly analogous to Napier’s rules. If the angle is 
C and the sides in order are a, m, l, δ, write down in a circle the 
parts C, a, m,i,b. Then 

sine (middle part) =product of cosines of opposite parts 

=product of tangents of adjacent parts, 
with the same understanding as in the case of the triangle (κ 33 (A)). 

If we write the parts in the cyclic order C, 1, ἃ, δ, m, we get rules 
analogous to (B) at the end of § 33, viz. : 

cos (middle part)=product of sines of adjacent parts 

=product of cotangents of opposite parts. 


37, The formulae for a general triangle can be obtained 
from those for a right-angled triangle by dividing the 
triangle into two right-angled triangles (Fig. 48). 

Thus, _ sinh y=sinha sin B=sinhb sin A. 
sinha sinhd sinhe 


Hence snd gsnB an0 


1.38) THE GENERAL TRIANGLE 15 


Again, cosh ¢=cosh Οἱ cosh 6. +sinh δ᾽ sinh Cys 
cos (Ὁ =cos ΟἹ cos Οἷς -sin Οἱ sin Cp. 
Also cosha=coshe, cosh p, cosh b=cosh ὃς οὐδ γ, 
sinh ¢,=sinhasin ΟἹ, sinh ¢,=sinh 6 sin Cs; 
cos C,=cotha tanh p, cos C,=coth ὃ tanh p. 


Fire. 48, 


Therefore cosh ¢=cosh a cosh b sech®p 
+sinh a sinh bsin C, sin C, 
=cosh a cosh b sech*p +sinh a sinh ὃ 
x (eoth a coth ὃ tanh*p —cos C) 
=cosh a cosh b —sinh a sinh b cos C. 
Similarly 
--cos C =cos A cos B -sin A sin B cosh δ. 

It is needless to write down other formulae, which its 
be obtained from the corresponding formulae of spherica 
trigonometry by putting cosh for cos and ὁ sinh os 
when operating upon the sides, leaving the functions of the 
angles unaltered. 

38. The formulae of hyperbolic trigonometry become 
those of euclidean plane trigonometry when the constant 
ἄς που. 
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To a first approximation 


Ὁ Ae ee 163 
sinh 7 = τ! cosh 7 =1+5 a: 
The formula 
ῦ a ὃ eit ᾧ 
cosh ;, =cosh 7 cosh 7 —sinh 5 sinh 1 cos 0 
le 1 a 16), a ὃ 
becomes 1+5%=(1 ἘΣ) ΟὝΣ π᾿ R008, 
or =a? +h? -~Qab cos C. 


This shows that when we are dealing with a small region, 
ze, small in comparison with k, the geometry is sensibly 
the same as that of Euclid. 


39. Circumference of a circle. 
Let ds be the length of the are PQ of a circle of radius r, which 
Then 


subtends an angle ἀθ at the centre. 
Cac oo Ἂν. 
or ds = ke sinh * a0. 


Hence the length of the whole circumference is 2k sinh x 
Here, for the first time, we require to consider the actual value of =, 


for the formula lim - 1, which is here assumed, is true only 
θῇ 
when the number of units in a flat-angle is the transcendental 
irrational number 3°14159... . 
Draw PNLOA and PT the tangent at P. Let the arc AP =s, 
PN=yand PT =t, Then 


s=kO sinh ὅν 
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Let the centre O go to infinity, so that the cirele becomes a horo- 
evele. Then r+o, 6-0, and 
Cs ’ 
| sin 6 t 
Ὁ εἰμὶ =s."5—-s and k tanh ; 


Comparing these with the formulae in § 28, we find S =k. 


tan ie 
=f," . 
θ 


Fig, 49. 


40. Sum of the angles and area of a triangle. 
Join MN, the middle points of AB, AC, and —- 
the equidistant-curve with MN as axis, which passes throug 


Ε 
Fro. δ0. 


B,C and A. Then the perpendiculars Ad’, BB’, ἐν 
MN are all equal, and 2 B’BM -- ΜΑΔ4', ZC'CN=NAA. 
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Denote by ABE the angle which AB makes with the 
tangent to the equidistant-curve at B; the angle B’BE is 
aright angle. Then 

LBAC + ABE + ACE =B'BM + MBE+C'ON +NCE=-. 


Hence the sum of the angles of the triangle ABC 
=7-2CBE. The difference + -(A +B+C) is called the 
defect of the triangle. 

Again, the area of the triangle ABC 

=BMNC +MAA' +NAA' =B'BCC". 


Hence all triangles with base BC and vertex on the other 
branch of the equidistant-curve which passes through 
B, C and A have the same area and the same angle-sum 
or defect. 

Now, if we are given any two triangles, we can transform 
one of them into another of the same area and defect, and 
having one of its sides equal to one of the sides of the other 
triangle. 

Let ABC, DEF he the two triangles, and let DF be the 
greatest of the six sides, Construct an equidistant-curve 
passing through B, C and A. With centre Οἱ and radius 
equal to DF, draw a circle cutting the branch of the equi- 
distant-curve on which A lies in A’. Then the triangle 
A’BC has the same area and defect as the triangle ABC, 
and has the side A'C equal to DF. 

Again, if the perpendicular bisector of the base BC of 
a triangle ABC meets the other branch of the equidistant- 
curve in A’, the isosceles triangle A’BC has the same area 
and defect as the triangle ABC. 

Hence, if two triangles have the same area they can be 
transformed into the same isosceles triangle, and have 
therefore the same defect, and conversely, 
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Now, let a triangle ABC with area ἃ and defect 6 be 
divided into two triangles ABD, ADC with areas A, and Ay 
and defects 6, and ὃς. 

Then é,=7 -BAD-B-ADB, 

Therefore 3,+6,=27 -A-B-C-w=7-A-B -C =6, 
and Ay + As Ξε ἃ. 4 

If A; =Az, then διε δα and A =2A,, ὃ =20,. 

Hence the defect is proportional to the area, or 
A=\w7-A-B-C). 
) depends upon the units o 
The value of this constant ἃ depends up 
angle and area which are employed ; but when these have 
been chosen it is given absolutely. 


41. Relation between the units of length and area. 

In euclidean geometry the units of length and area = 
immediately connected by taking as the unit of area : e 
area of a square whose side is the unit of length. In fact 
the relationship is so obvious that there is constant πε 
fusion, though we are not always aware of it, between the 
area of a rectangle and the product of two numbers. Thus 
modern treatment has tended to confuse the theorems of 
the second book of Euclid, which are purely geometrical 
theorems relating to areas of squares and TOCUENECS, with 
algebraic theorems relating to “ squares and prouucts 
of numbers. The expression “ product of two lines has 
no meaning until we frame a suitable definition consistent 
with the rest of the subject-matter. The area of a rectangle 
is not equal to the product: of its sides, but the number of 
units of area in the area of a rectangle is equal to the product 
of the numbers of units of length in its sides. 


80 ELEMENTARY HYPERBOLIC GEOMETRY [r. 41 


Tt would take us too far out of our way to examine 
completely the notion of area. We shall simply take 
advantage of the fact, that when we are dealing with a very 
small region of the plane we can apply euclidean geometry. 
Thus, while there exists no such thing as a euclidean square 
in non-euclidean geometry, if we take a regular quadri- 
lateral? with all its sides very small we may take as its 


area the Square of the number of units of length in its — 


sides ; or, more accurately, the units of length and area are 
so adjusted that the ratio of the area of a regular quadri- 
lateral to the square of the number of units of length in its 
side tends to the limit unity as the sides are indefinitely 
diminished. 

Let us apply this to find the area of a sector of a circle POQ, the 
angle POQ = 6 being very small. 


Fic. 51, 


Produce OP, OQ to P’ and Q’. Let OP =0Q =r, PP’ =QQ’ =dr 
Then 
area of PQQ'P’ = dr. PQ = kO dr sinh ¢. 
Hence the area of the sector = &#6 (cosh 7-1) 
= 3130 sinh? 7, 
2/2 Saal 7 
and the area of the whole cirele is 4mri* sinh? τ, 


«ἃ regular polygon is one which has all its sides equal and all its angles 
eq a 


ἢ 8] 
π, 42] AREAS 


We can apply this now to find the area of a triangle by another 


| ient | jangle ABC with a right angle 
od. It is sufficient to take a triang 
ad. Divide it into small sectors by lines drawn through A. Then 


the area is given by 


Ἂ ῦ 
| ledA (cosh ἘΣ 1), 
re : 


i ot and 
Express c in terms of A and the constant 6, write tanh τ τὶν 


put cos*A =y, and we get, after some reductions, 


δ αν". α΄ ei, eae 
cosh OT -yy-@ ἀν 8π|-δρτῳ δἰ + OF 
The integral of this term, from y= 1 to y =cos*A, is 
De 
lias ia i 
=} cos-! (1-2 cos B) = - 2B). 


Hence the area of the triangle 
is —j2|7-—-A- B) 
=ie( = B-A) Ξε 3 A 


| | les are measured 
42. It appears then that, when the angles a | 
in “ ee ames the constant ἃ =k?, and the formula 
for the area of a triangle becomes 
A= (7 -A -Β -ΟἹ. 


As the area of a triangle increases the sum of the en 
diminishes, but, so long as the vertices are real, the ae 
are positive quantities ; the area cannot therefore exc 
wk, This is therefore the maximum limit to the ayer : 
triangle when its angles all tend to zero, A triang τὰ 
maximum area has all its vertices at infinity and its sid 
are parallel in pairs. 


N,-E, ἃ. F 


, 
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43. On account of its neatness, we add the proof that Gauss 
gave of the formula for the area of a triangle, in a letter! to 
W. Bolyai acknowledging the receipt of the “ Appendix.” 

Gauss starts by assuming that the area enclosed by a straight line 
and two lines through a point parallel to it is finite, and a certain 
function Κ{π -- Φ) of the angle & between the two parallels ; and 
further, that the area of a triangle whose vertices are all at infinity 
is a certain finite quantity 1 

Then we have, from Fig. 52, f(z - 4) +f(b)=t. 


Fig, 538, 
Hence NP) +f(Y=S (b+). 
Whence Si) ἘΞ Ad, 


where A is a constant, and therefore t= λπ. 
1 6th March, 1832 (Gauss’ Werke, viii. 221). 
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Now, by producing the sides of any triangle with angles α, By γ, 


and drawing parallels, we have (lig. 54) 


Fie, 54, 


t=f(a)+f(B)+S(y)+4. 
Therefore A=\(w-a-B- +). 


44. Area of a polygon. ΔῈ Φ ΝΑ 

The area of a polygon can be found by breaking it up into 
triangles. By joining one vertex to each of the others, 
we divide an n-gon into n—-2 triangles. The sum of the 
angles of the n-gon is equal to the sum of the angles of the 
n—2 triangles. 

Let A,, Ao, ... be the areas, and δὶ, 6,,... the defects 
of these triangles; then, if S is the sum of the angles and 
A the area of the polygon, 

A=SA=TK6=h(n-2.7-8). 

If S’ is the sum of the exterior angles, S’+S=nz; 

therefore , 
A=kK*(S’ -27), 
which is independent of n. 
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45. We add here another proof o geometry 
| Ρ of the result that the geon 
horocycles on the horosphere is the same as the geometry of pra 


lines on the euclidean plane. 


Let the three parallel lines in space AQ, BQ, CQ be cut by a 


horosphere with centre 2 in A, B, OC, and . 
: ἘΣ 2 » 6, C,and make 4AA’=RBB’=(0C" 
so that A’B C lie again on a horosphere with centre ἢ, (See Ex. a 
eK B. ἀνέρος feds between the planes BCQ, CAQ ABQ 
e a, B, y, and let the angles of the rectilinear triangle A’B’ 
τι θ᾽ i ode ili — inear triangle A’ B’C’ be 
hen, as AA’ increases, the angles 0.4’ R’ Ὁ» 
: ngles 2.4’ B’, QA’C", ete., all tend to 
right angles; e a’, B’. y’ tenc 7 er 
eee hence ty B’, 7 tend to the values il, B, γ. Also 
Now A=i#(7-a’-B’-y'); hence a+ 
ae AT aE : ἜΣ +y=7, t.c. when fi 
πε intersect in pairs in three parallel lines the sum of igri 
angles is equal to two right angles. Hence the sum of the angles of 
a geodesic triangle on the horosphere is equal to two right angles, 


EXAMPLES II. 


1, Prove that the four axes of the circumci i 
meireles of a tri fio 
ἃ complete quadrilateral whose diagonal triangle is the λαιπη δ τες 
and state the reciprocal theorem. | 


2. If a simple quadrilateral is inscribed in a circ ) 
one branch of an equidistant-curve, prove that the abla ag ir 
of opposite angles is equal to the sum of the other pair of op site 
angles. Show that this holds also for a crossed ceeuislistoerl: if 
the angles are measured always in the same sense, and for a quadri- 
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lateral whose vertices are distributed between the two branches of 
an equidistant-curve if the angles on opposite branches are reckoned 
of opposite sign. 

8, If a simple quadrilateral is circumscribed about a circle, prove 
that the sum of one pair of opposite sides is equal to the sum of the 
other pair of opposite sides. Examine the case of a crossed quadri- 
lateral circumscribed about a circle, equidistant-curve or horocycle. 


4. Ifa is the chord of an are α of a horocycle, prove that 
a = 2k sinh κα ἢ. 


5 If Θ is the angle which the chord of a horocycle makes with the 
tangent at either end, and α is the are, prove that a = 2k tan ὕ. 


6. If ¢ is the angle which the tangent at one extremity of an are a 
of a horocycle makes with the radius through the other extremity, 
prove that a=k cos 0. 

ἡ. Prove that the are of an equidistant-curve of distance a, 
corresponding to a segment x on its axis, is ἃ; cosh a/k. 

8. If A, B are corresponding points on the parallels AA’, BB’, 
and A, ( are corresponding points on the parallels AA‘, CC’, prove 
that B, Οἱ are corresponding points on the parallels BB’, CC’. 

9. Prove the following construction for the parallel from O to 
NA. DrawONLNA. Take any point A on NA, draw OB LON 
and AB LOB. With centre O and radius equal to NA, draw ὃ 
circle cutting AB in P. Then OP || NA. 

10. Prove that the radius of the inscribed circle of a triangle of 
maximum area is $k log,3. 

11. In a quadrilateral of maximum area, if 2a, 2b are the lengths 
of the common perpendiculars of opposite sides, prove that 
< sinh te 1 
k Boa 

12, A regular quadrilateral is symmetrically inscribed in a regular 
maximum quadrilateral ; prove that each of its angles is cos™"}. 

13. If the three escribed circles of a triangle are all horocycles, 
prove that each side of the triangle ts cosh", and that the radius 
of the inscribed circle is tanh~*}, and the radius of the cireumcircle 
is tanh~*} (k being unity). 


sinh 


F 
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14. In euclidean geometry prove that any convex quadrilateral 


can by repetition of itself be made to cover the whole plane without 
overlapping. 

15. In hyperbolic geometry prove that any convex polygon with 
an even number of sides can by repetition of itself be made to cover 
the whole plane without overlapping, provided the sum of its angles 
is equal to or a submultiple of four right angles. Show that the 
same is possible if the number of sides is odd, provided the sum of the 
angles is equal to or a submultiple of two right angles. 


16. If a is the side and ἃ the angle of a regular n-gon, prove that 
S noah 
eas 

17. If r is the radius of the inscribed circle, R that of the circum- 
scribed circle of a regular n-gon with side a and angle a, prove that 


ih a peek ae ἃ R r «@ 
sinh 5 cot > tanh δε, and cosh Ε΄ “οὐ = cot 5. 
18. A regular network is formed of regular n-gons, p at each point. 
Show that the area of each polygon is /@7(2n/p - n +2), 


19. A semiregular network is formed of triangles and hexagons 
with the same length of side, three of each being at each point, 
Prove that the length of the side is 31 cosh! 4/4 (4 4-4/3). 


τ - 
cos -- = sin 
tt 


20. A semiregular network consists of regular polygons all with 


the same length of side. At each vertex there are p, m,-gons, 
Pz Ns-BONS, Py N-gons, ete. If each n,-gon has area A,, prove that 


42 
21, If a ring of » equal circles can be placed round an equal 
circle, each one touching the central circle and two adjacent ones, 
A 
k 


22. Prove that the area included between an are of an equidistant- 
curve of distance a, its axis, and two ordinates at distance x is 


prove that the radius of each circle is given by 2 cosh ἢ sin” = 1. 
ἢ 


ke sinh “, 


k 
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93. AA’ || BB’ and they make equal angles with AB. ACL BR’ 
and AD LAC. If the angle A’AD =z, prove that the area of the 
circle whose radius is AB is equal to 7# tan®z. (J. Bolyai.) 


94. Prove that the volume of a sphere of radius r is 
Se See 
rbe(sinh τ’ - 


25. These parallel lines AQ, BQ, CQ are cut by two horocycles 
with centre Ὦ in A, B, G and A’, B’, C’. Prove that the arcs 
AB: BO=A'B'’ BC". 


28. A,B,, A;Bs, A,B; are ares of concentric horocyeles as in 
Fig. 20, and A,A,= A,A» Prove that A,B, :A 2B, =A,B, ᾿ A,B, 
Hence show that the ratio A,B, : A,B, depends only on the length 
uf A,A,. 


9%. Prove that the sides of a pentagon whose angles are all right 

angles are connected by the relations he 
cosh (middle side) = product of hyp. cots. of adjacent sides 
=product of hyp. sines of opposite sides. 


28. A simple spherical pentagon, each of whose vertices is the pole 
of the opposite side, is projected from the centre upon any plane. 
Prove that the projection is a pentagon whose altitudes are con- 
current ; and that the product of the hyp. tangents of the segments 
into which each altitude is divided is the same. 


CHAPTER III. 
ELLIPTIC GEOMETRY. 
1. The hypothesis of elliptic geometry is that the straight 
line, instead of being of infinite length, is closed and of 
finite length. Two straight lines in the same plane will 


always meet,.even when th | 
, ey are both perpendi , 
a third straight line. dicular to 


Let l, m, n, be three straight lines drawn perpendicular to 


ι. 


M oN | 
Fig. 56. : 
another straight line @ at the points 1, M 

; πὸ, 3 Ν . | 
meet in A; n,linB: mail mix, Ὧν 1 
᾿ When LB is produced it will meet a again either in Z or 
in some other point. Let L’ be the first point in which 
if again meets a. | 
Then, from isosceles triangles, we have BL=BN =BL’ 
CL=CM=CL'. Hence B and C are both the middle 


LO Θ»ὐἰῃἠ, Ὁ ΟΎΎνὝΤΥΞηΗηυνν.:. 
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point of the segment LBL’, and must therefore coincide. 
In the same way A, B and C all coincide. 

Hence all the perpendiculars to a given line @ on one side 
of it meet in a point A, and A is equidistant from all points 
on the line. The point A is called the absolue pole of the 
line a, and a is called the absolute polar of A. If P is any 
point on @, the distance AP is called a quadrant, and A 1s 
said to be orthogonal to P, or A and P are called absolute 


2. The perpendiculars drawn in the other sense will 
similarly meet in a point 4’. 

The question arises: are A and A’ distinct points ? 

On the hypothesis that A and A’ are distinet points, two 
straight lines have two points in common. It could be 
proved that in this case any two straight lines would 
intersect in a pair of points distant from one another two 
quadrants. A consistent system of geometry results, which 
is exactly like the geometry on a sphere, straight lines being 
represented by great circles, and is therefore called SpHERI- 
σαὶ, GEomETRY. The two points of intersection of two lines 
are called antipodal points, Two points determine a line 
uniquely except when they are antipodal points; ἃ pair 
of antipodal points determine a whole pencil of lines. 

On the hypothesis that 4 and A’ are one and the same 
point, two straight lines always cut in just one point, and 
two distinct points uniquely determine a line. This gives 
again a consistent system of geometry, which is called 
Eiurtic GEoMeTRY." 

‘Sometimes both of these systems are called Elliptic geometry, and 
they are distinguished as the Antipodal or Double form and the Polar 


or Single form. We shall, however, keep the term Elliptic geometry 
for the latter form. 
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While spherical geometry admits more readily of being 
realised by means of the sphere, elliptic geometry is by 


far the more symmetrical, and our attention will be confined 
entirely to this type. Elliptic geometry has also the advan- 
tage that it more nearly resembles euclidean geometry, 
Since in euclidean geometry all the perpendiculars to a 
straight line in a plane have to be regarded as passing 
through one point (at infinity). 

Another mode of representation of these two geometries 
exists, which exhibits them both with equal clearness, 
Consider a bundle of straight lines and planes through a 


point O. If we call a straight line of the bundle a “ point,” 


and a plane of the bundle a “ line,” we have the following 
theorems with their translations. (Cf. Chap. II. § 24.) 
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ravs which together form one and the same straight line 
present a pair of antipodal points. | 
wn clliptio | geometry all straight lines are of the same 
ite length 29, equal to two quadrants. . . 
-- aie je considerations to three μανεύκ ἡ 
all the perpendiculars to a plane a pass through a point : 
the absolute pole of a, and the locus of points 8 quadran 
distant from a point A is a plane a, the absolute polar of A. 


in ellipti ay call it, 
3. The plane in elliptic geometry, or, 88 we m 
the elliptic plane, differs in an important particular ee 
the euclidean or hyperbolic plane. Tt is not divided by a 
straight line into two distinct regions. . 
tseue a set of three rectangular lines Oxyz with Oy 


Two lines through O 
uniquely determine a’ plane 
through ὁ. 

Two planes through Ὁ 
intersect always in a single 
line through Ὁ. 

All the planes through O 
perpendicular to a given 
plane a through O p: 
through a fixed lineathrough 
QO, which is orthogonal to 
every line through O lying 


1 a. 


Two “ points” uniquely 
determine a “ line.” 


Two “lines” intersect 
always in a single “ point.” 


All the “ lines * perpendi- 
cular to a given “line” @ 
pass through a fixed “ point” 
A, which is orthogonal to 
every “ point ” lying in a. 


Hence elliptic geometry can be represented by the 
geometry of a bundle of lines and planes. In the same way 
spherical geometry can be represented by the geometry 
of a bundle of rays (or half-lines) and half-planes. Two 


on the line AM and Oz always cutting the fixed line AP. 


FiG. 57. 


As Ὁ moves along AM it will return to 4, but now Oz is 
turned downwards and Ox points to the left instead of to 
the right. The point z has thus moved in the plane PAM 
and come to the other side of the line AM without actually 
Pipe illustration of this peculiarity is afforded by 
what is called Mobius’ sheet, which consists of ἃ band of 
paper half twisted and with its ends joined. A line traced 


ΓΙ 
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along the centre of the band will retu i ἱ 
» | 3 turn to its starting ; 
point, but on the opposite surface of the sheet. The two 


Fie. 58, 


sides of the sheet are continuous! | 
. ly connected. Th : 
plane is therefore a one-sided surface. ae 


If we carry out the same | | 
: the s procedure for the euclidean | 

shall — exactly similar results, with the exception ee poll 
a. ni, Mormers! τ ig from one side of the line to the other 
ΕΗ vell illustrate y the case of a curve which runs alon 
ee ραν Ordinarily the curve lies on opposite sides of the si νας 
ὑπαὶ δι ΟῚ two ends, and thus appears to cross the apni 

i actually cross the asymptote at infinity it has a point 


of inflexion there ; ; 
ce and lies on the same side of the asymptote at each 


4. Absolute polar system. 
To every point in space corres 
ver’ rresponds a plane, : ic 
-— a are absolute pole and polar. : “ΠΝ 
the polar of a point A passes throug 
‘itt ; ugh B, the polar of B 
will pass through A, because the distance AB is a etal 
Let A, B be two points on a line/; the polars of A and B 
intersect in a line /’, Let A’ and B’ be any two points 
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on I’; then the polar of A’ passes through both A and B. 
Hence the polars of all points on the line I’ pass through the 
line 1. If P is any point on J, its polar will pass through 
A'and Β΄. Therefore the polars of all points on the line / 
pass through the line ἴ΄. 

ΤῸ every line I, therefore, there corresopnds a line I’, the 
absolute polar of 1, such that the polar of any point on / 
passes through I’ and vice versa. All points of U' are a 
quadrant distant from all points of 1, and every line which 
meets both 1 and I’ cuts them at right angles. 

If we confine ourselves to a plane, to every point in the 
plane corresponds a line in the plane and vice versa. 

These relations are exactly the same as those that we 
get in ordinary geometry by taking poles and polars with 
regard to a conic in a plane, or a surface of the second 
degree in space. The points on the conic or quadric 
surface have the property that they lie on their polars; the 
polar is a tangent to the conic or quadric and the pole is the 
point of contact. 


5. Projective geometry. 

These relations of polarity with regard to a conic belong 
to pure projective geometry, and have nothing whatever to 
do with actual measurement, distances or angles. All the 
theorems of projective geometry can be at once transferred 
to non-euclidean geometry, for, so long as we are not 
dealing with actual metrical relations, non-euclidean 
geometry is in no way whatever distinguished from 
euclidean. Pure projective geometry takes no notice of 
points at infinity, for infinity bere implies infinite distance, 
and is therefore irrelevant to the subject. It has there- 
fore nothing to do with parallel lines. 


a 
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Unfortunately most English text-books on projective 
geometry start by assuming euclidean metrical geometry, 
A harmonic range is defined in terms of the ratios of seg- 
ments, and a conic is obtained as the “ projection ” of a 
circle. This treatment unnecessarily limits the generality 
of projective geometry, and attaches a quite unmerited 
importance to euclidean metric. 

The use of analytical geometry might be thought to supply a 
means for a general treatment, for the algebraic relations between _ 
numbers which express the relations of projective geometry are just — 
theorems of arithmetic, and these may be applied to any subject 
matter which can be subjected to numerical treatment, whether that 
subject matter is euclidean or non-euclidean geometry. But the 
difficulty in applying this procedure is that the subject matter must 
first be prepared for numerical treatment. This means either 
postponing the introduction of projective geometry until metrical 
geometry, with a system of coordinates, has been established,! 
which is just the fault we wish tu avoid, or the establishment of a 
system of projective coordinates independent of distance. In 
either case we have to assume much more than is really necessary, 

For convenience of reference we shall give a summary of 
the theorems of projective geometry which we shall require, 
assuming that proofs of these are available which do not 
involve metrical geometry. (Reference may be made to 
Reye, Geometry of Position, Part I., translated by Holgate, 
New York, 1898, or Veblen and Young, Projective Geometry, 
Vol. I., Boston, 1910.) 

If two ranges of points are made to correspond in such a 
way that to every point P on the one range corresponds 
uniquely a point P’ on the other, and vice versa, the ranges 
are said to be homographic. 

Notation. {P} x{P’}. 

The simplest way of obtaining a range which is homo- 

‘Cf Chap. IV. $21. 


nt, δ] PROJECTIVE GEOMETRY 95 


hic with a given range is as follows. Take any point O, 
ies the a of the range; join O to the points of the 
range, and cut these rays by any transversal. The range 
on this transversal is called the projection of the first range 
and is homographic with it. In this special position, in 
which the lines joining pairs of corresponding points pe 
concurrent, the ranges are said to be in perspective, wit 
centre O. 

Notation. {P}*o{P’} or {P}A(2"}. 

It can be proved that two homographic ranges can 
always be connected by a finite number of projections, 
and in fact this number can in general be reduced to two. 

It can be proved that 

(ABCD) x~(BADC)X(CDAB)~ (DCBA), 
but in general the four points are projective in no other 
gone which are unaltered by pro} ection are called 
projective properties. Thus, points which are collinear, 
or lines which are concurrent, retain these properties after 
geo range is projected into a harmonic range. 
We cannot define a harmonic range in terms of » _ 
ts, because a segment is not projective. — 
Pg ama range thus: Let X, Y be two given 
points on a line, and P a third point. (See Fig. 85, Chap. 
IV.) Through P draw any line PST’, and on it take any 
two points S, 7. Join S and T to X and Y; let SX cut 

TY in V, and SY cut TX in U. Join UV, and let it cut 
XY in Q. Q is called the harmonic conjugate of P with 

regard to X and Y. This construction can be proved to 

be unique; P, Q are distinct, and are separated by and 
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separate X and Y. If (XY, PQ) is a harmonic range 
(XY, PQ)A(XY, QP). 

If we start with three points on a line, we can derive an 
indefinite number of other points by the above quadrilateral 
construction, and in fact we can find a new point lying 
between any two given points. All the points derived in 
this way form a net of rationality. They do not give all the 
points on the line. To secure this we would require an 
assumption of continuity. 

If three points 4, B, C of one line are projected on to 
three points A’, B’, C’ of another line, the correspondence 
between all the points of the two ranges is determined. 
This is the fundamental theorem of projective geometry. 

Two homographic ranges can exist on the same line. 
If three points A, B, C are self-corresponding, it follows by 
the fundamental theorem that all the points are self- 
corresponding. Hence two homographic ranges on the 
same line cannot have more than two self-corresponding 
points. 

That it is possible in certain cases to have two self- 
corresponding points is shown in Fig. 59. 1 ἰβ the given 
line, /, an intermediate line on which a range of points { P} 
is projected from centre S,, and S, is a second centre of 
projection from which the projected range {P,} is projected 
on to /. 

In this way P’ corresponds to P. Let 1, cut Jin Y, and 
let S,S, cut lin X. Then X and Y are self-corresponding 
points. If J, passes through X, the two self-corresponding 
points will coincide. 

If {P} and {P’} are two homographic ranges on the same 
line, such that to P corresponds P’, in general to P’ will 
correspond another point P’. If P” coincides with P, the 
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points of the line are connected in pairs and are said to 
form an involution. If D, and D, are the double or self- 
corresponding points of an involution, and X, Α΄ are a pair 
of corresponding points, (D,D,XX')*(D,D,X’X), so that 
(D,D,XX') is a harmonic range. If two real self-corre- 


Fie. 69. 


sponding points do not exist, we introduce by definition 
conjugate pairs of “imaginary ” points, much in the 
same way as ideal points were introduced into hyperbolic 
eometry. 
‘ When the double points are real the involution is said to 
be hyperbolic, and when they are imaginary it 1s said to be 
elliptic. If the double points coincide, the conjugate of 
any point P coincides with D, and the involution ts said to 
be parabolic. τὰν oe 

If {p} and {p’} are two homographic pencils with different 
vertices, the locus of the points of intersection of corre- 
sponding lines is a curve with the property that any line 
cuts it in two points, real, coincident or imaginary. A line/ 

N.-E. ἃ, G 
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cuts the two pencils in homographic ranges, and the self- 
corresponding points of these ranges are points on the locus. 


This curve is called a point-conic; it is the general curve 


of the second degree, characterised by the property that 
any line cuts it in two points. 

Similarly the envelope of the lines joining pairs of 
corresponding points on two homographic ranges is a curve 
of the second class, or line-conic, characterised by the 
property that from any point two tangents can be drawn 
to it. 

It can be proved that a point-conic is also a line-conic, and 
vice versa, ‘The term conic can then be applied to either. 


6. The absolute. 
Let us return now to the absolute polar system in a plane. 


We shall prove the theorem: In every polar system in a 
plane which has the reciprocal property thai “ if the polar of 


a point A passes through B, the polar of B passes through A,” 
there is a fixed conic, the locus of points or the envelope of lines 
which ave incident with their polars. 
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Consider a line 1. The polar of a point P on / cuts 1 in 
a point P’, and the polar of P’ passes through P. Hence 
the points of J are connected in pairs and form an involution 
whose double points are incident with their polars. Every 
line therefore cuts the locus in two points, and the locus 
is a point-conic. Similarly the envelope is a line-conic. 
ΤῊ] cuts the locus in P and Q, the polars of P and Q are lines 
of the line-conic. Further, the polar of P does not cut the 
locus in any second point, since the polar of any point 
upon it passes through P ; hence the polar of P is a tangent 
to the point-conic, and the point- and line-conics form one 
and the same conic. 

Similarly, in three dimensions a polar system determines 
a surface of the second degree or quadric surface. 

Applying this theorem to the absolute polar system, we 
find a conic in a plane or a quadric surface in space which is 
given absolutely. But as a real point cannot lie on its 
polar, since it is at the fixed distance of a quadrant from 
any point of it, this conic or quadric can have no real points. 

This imaginary conic, or in space the imaginary quadric 
surface, is called the Absolute. 

Let P, P’ and Q, Θ΄ be two pairs of conjugate points 
on a line g, so that PP’=QQ’=a quadrant. Therefore 


Ρ Q P Q 
Fie, 61. 
PQ=P'Q’. Let g cut the absolute in X and Y; then 
P, P’ and Q, Θ΄ are harmonic conjugates with regard to 
X and Y. Let @ coincide with X; then Q’ will also 
coincide with X, and the equation PQ =P’Q’ becomes 
PX=P’X=PX-—PFP"’. 
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Therefore! =1-—PP’/PX. Therefore PX must be infinite, 
Every point on the absolute is therefore at an infinite 


distance from any real point, and the absolute is, like the 


real conic in hyperbolic geometry, the locus of points at 
infinity. 


7. Principle of duality. 


The polar system with regard to the absolute conic | 
establishes the principle of duality. In euclidean geometry — 


the principle of duality holds so long as we are dealing with 
purely descriptive properties, ze. it holds in projective 
geometry, which is independent of any hypothesis regarding 
parallel lines, but it has only a very limited range in metrical 
geometry, and is often applied more as a principle of analogy 
than as a scientific principle with a logical foundation. 
Thus, four circles can be drawn to touch three given 
lines, but only one circle can be drawn to pass through three 


points. A circle is the locus of a point which is always — 


at a fixed distance from a given point, but we cannot con- 
sider it also as the envelope of a line which makes a constant 
angle with a fixed straight line. 

In hyperbolic geometry, when we consider equidistant 
curves as circles, we find it true that four circles are deter- 


mined by three points; and if we introduce freely points 


at infinity and ideal points, we can make the principle of 
duality fit fairly well. 


In elliptic geometry, however, the principle of duality 


has its widest field of validity, and extends to the whole 
of metrical geometry. The reason for this is found in the 
nature of the absolute and the measure of distance and 
angle. In a pencil of lines with vertex O there are always 
two absolute lines, the tangents from O to the absolute, 


ru. 8] PRINCIPLE OF DUALITY 101 


and in all three geometries these two lines are conjugate 
imaginaries. They form the double lines of the elliptic 
involution of pairs of conjugate or rectangular lines through 
O. Ina range of points on a line / there are similarly two 
absolute points, the points of intersection of / with the 
absolute. They form the double points of the involution 
of pairs of conjugate points with regard to the absolute. 
But in hyperbolic, elliptic and euclidean geometry this 
involution is respectively hyperbolic, elliptic and parabolic. 
Thus it is only in elliptic geometry that the involution on a 
line is of the same nature as that in a pencil. 


8. As a consequence of this, in elliptic geometry the 
distance between two points is proportional to the angle 
between their absolute polars. 

Consider two lines OP, OQ. Let P’, Q’ be the poles of 
OP and OQ. Then P’Q’ is the polar of ὁ. PP’ =QQ' =. 


Now distances measured along PQ are proportional to the 
angles at Ὁ. 


Therefore ees and 2’Q'’=PQ. 


Therefore the distance d between the poles of the lines is 


=i 
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connected with the angle a between the lines by the relation 
4-- 33 


a a 
and if the unit of distance is such that q= then d=a. 


Here we must observe that two points have two distances, 
viz. d and 2¢-—d; two lines have two angles, a and 7 —«. 
In the above relation we have made the smaller distance 
correspond to the smaller angle. 

Consider, however, a triangle ABC, in which we shall 


suppose each of the sides <q, and each of the angles <5 


A’ 


Fig. 68. 


The absolute polar figure is another triangle A’B'C’, in 
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To the angle A, < 5 , corresponds therefore the segment 
α΄, >. 


To a segment d corresponds an angle 24 (3 -d), and to 


an angle a corresponds a segment Wy —a). ifthe segment 
d>d', the corresponding angle α « a’. 

In applying the principle of duality, therefore, we must 
interchange point and line, segment and angle, greater and 
less. 

9, Area of a triangle. 


Two lines enclose an area proportional to the angle 
between them, =2k2A, say, where /& is a linear constant, 


and the area of the whole plane is 2k*x. In Fig. 64 the 


which Β΄" is the polar of A, etc. Let 4.8, AC meet B’C’ 


, areas enclosed by the angles of the triangle are shaded, and 
in Mand N. Then 


these areas cover the area of the triangle three times, and 


BIN = MC" = 4, the rest of the plane only once. 
ee ee ee ὦ. 94, We have, therefore, 2k*(A+B+C)=2h7 +2A, 
and BC = 234 MN = 2q-— A= τ (7-4). Whence A=k2(4+B+C0-7). 
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The area of a triangle is therefore proportional to the 
excess of the sum of its angles over two right angles. If 
A,, B,, C, are the exterior angles, 


A =I8(2x - A, -B, -C)). 
The absolute polar of the triangle ABC is a triangle 
A'B'C' with sides a’, δ᾽, σ΄ =“ (π- 4), ete. Hence 


A π΄ (49 -- α' -- δ' —c’), 
or the perimeter of a triangle falls short of 4 ) 
} short ᾳ by an amount 
proportional to the area of the polar triangle. ἡ 
These results hold also for the sum of the exterior angles 
and the perimeter of any simple polygon. | 
10, The circle. 


A circle is the locus of points equidistant from a fixed 
point, the centre, and by the principle of duality it is also 


Cc 


Fig. 65. 


the envelope of lines which make a cons le wi 
| tant | 
fixed line, the axis. angle with a 
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Let C be the centre and ὁ the polar of C. Let P be any 
point on the circle, and draw the tangent PT. Then 
ΟΜ 1 ΤΗ and also | TP. Therefore 7’ is the pole of CP. 


=== ta: t Bg 
PM=q-?7 1a; therefore « is a constantangle = 5 τὰ 


Further, since PM =q -7, the circle is an equidistant-curve 
with ¢ as axis. Just as in hyperbolic geometry, the circle 
or equidistant-curve lies symmetrically on both sides of 
the axis, but the two branches are continuously connected. 

In elliptic geometry, therefore, equidistant-curves are 
proper circles. When the radius of a circle is a quadrant 
the circle becomes a double straight line, the axis taken 
twice. 


11. In three dimensions the surface equidistant from a 
plane is a proper sphere. 

A remarkable surface exists which is equidistant from a 
line. With this property it resembles a cylinder in ordinary 
space. A section by a plane perpendicular to the axis 18 
a circle. A section by a plane through the axis is an 
equidistant-curve to the axis, but this is also a circle, and 
the surface can be generated by revolving a circle about its 
axis. It thus also resembles an anchor ring (Fig. 66). But 
sections perpendicular to the axis do not cut it in pairs of 
circles, but only in single circles, and so it also resembles a 
hyperboloid of one sheet. Every point is at a distance d 
from the axis J, and is therefore at a distance q -- ἰ from the 
line I’, the absolute conjugate of 1. The surface has there- 
fore two conjugate axes, and can be generated by the 
revolution of a circle about either of these. It is therefore 
a double surface of revolution. It is a surface of the second 
degree, since a straight line cuts it in two points. 


‘J 
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From its resemblance to a hyperboloid, the existence of 


rectilinear generators is suggested. If it does possess 


rectilinear generators, these lines must be everywhere 


equidistant from either axis. We shall therefore investigate 
the existence of such lines, and return in § 17 toa description 
of this surface (Clifford's surface). 


12. Common perpendicular to two lines in space. 

Consider two lines a, 6 not in the same plane. Let a’ 
and 6’ be their absolute polars. Any line which cuts both 
a and a’ is perpendicular to both; hence any line which 


* This picture of Clifford's surface will be best understood after reading 
Chap. V. In the conformal representation of non-euclidean geometry 
in euclidean space, planes and spheres are all represented by spheres, 
straight lines and circles by circles. Clifford’s surface is represented b 
an anchor-ring, one axis being represented by the axis of the ring, the 
other axis being represented by a line at infinity. ὙΠῸ circular sections 
of the surface by planes through an axis (which are lines of curvature) 
are represented by the meridians and parallels of the anchor-ring (which 
are also lines of curvature), The rectilinear generators are represented 
by the bitangent circular sections of the ring. The two systems of these 
last-mentioned circles are depicted in the figure. They intersect at a 
constant angle. 
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he four lines a, 6, a’, 6’ cuts them all at right angles. 
pda ee these lines a, ἢ, a’ determine a ruled surface 
of the second degree, and the fourth line δ΄ cuts this surface 
in two points P,Q. The two generators p, q of the gS 
system through P and Q are common transversals 0 : 
four lines a, a’, b, 6’, and therefore cut all four at righ 
angles. The two lines a, b have therefore fwo common 
perpendiculars. The two common perpendiculars » 4 si 
absolute polars. For, since a, a’ and ὃ, ὃ cut p an q a 
right angles, they also cut the polars p and q’, bus | si 
have only two common transversals; therefore p πὶ 

incide with g, and q’ with p. τ 

“lan τῷ ρωναξὰ perpendiculars one is @ minimum 
and the other a maximum perpendicular from one line on 


the other. Take any point P, on ἃ and draw Ριρ,.}, 
0.Ρ..1 α, and so on. Then PQ2>Q2P2>PQs> ὩΣ 
that the perpendiculars ΕΝ πὰ aaa bien 
) to a finite limit 4... | 
tg in the other direction, drawing ; gee Ἄ 
Q,P,L6, ..., we have an increasing sequence whic 

to the other common perpendicular 4... 
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13. Paratactic lines. 
If A,B,=A,B,, all the intermediate perpendiculars must 

also be equal ; the two lines have then an infinity of common 
perpendiculars, and therefore the four lines a, b, a’. δ' all 
belong to the same regulus of a ruled surface of the acute 
degree. The two lines are equidistant, though not coplanar ; 
they are analogous to parallel lines in ordinary peoniotae 
and possesses many of their properties. They were dis- 
— by W. K. Clifford, and have therefore been called 

ifford’s parallels. A more distinctive name, suggested 
— 1s paralactic lines. | 

ough any point O two lines can be dra i 
to a given straight line, one right-handed and the aie 
handed. Each is obtained from the original line by screwi 
it along the perpendicular NO either right-handedly on 
handedly. The angle throughwhich it has to be turned is 
portional to the distance through which it has to be ree 
! In the plane ONM draw OM LON, cutting the ral 
line in M, the pole of ON in this plane. Draw MP. Ἣν 
| Oo 


Ρ' FIG. 88, 
polar of ON, which is therefore | 
lar ¢ ; perpendicular to NM, 
along it cut off MP=MP'=d. Then OP and OP’ me 


two lines through O paratactic to NM. Also d=776, 
T 
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14. The above construction for a common perpendicular 
to two skew lines can only be carried out in elliptic geo- | 
metry, for in hyperbolic geometry the polar of a real point 
is ideal, and in euclidean geometry it is at infinity. Con- 
sider a system of pairs of planes at right angles to each other 

A “ 2 


Fic. 69. 

drawn through the line a. This forms an elliptic involution, 
the double elements of which are the imaginary planes 
through a which touch the absolute. These planes are cut 
by the line ὃ in a range of points forming an elliptic involu- 
tion. Although the double points of this involution are 
imaginary, the centres B,, B, of the segments determined by 
the double points are always real. These form a pair of 
elements of the involution a quadrant apart. In elliptic 
geometry there are two real centres, in euclidean geometry 
one is at infinity, and in hyperbolic geometry one is ideal, 
The perpendiculars to 6 at B,, B, are the two common 
perpendiculars. 

Since B, and B, are conjugate points and A,B, | B,B,, 
A,B, is the polar of B, in the plane A,b; therefore 
A,B, 1. A,B. But the plane aB, | the plane aB, ; therefore 
A,B, is | the plane aB,; therefore A,B,1.a. Similarly 
A,B, 14. 

The points A,, A, are the centres of a similar elliptic 
involution on a. 


the same regulus as A,A,A,, ete. : 
of the same regulus of the absolute, 
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15. Two paratactic lines cut the same two ge: β 
same system, of the absolute. ‘ a 
Let three common transversals J,, l,, 1; cut the four 


lines a, a’, ὃ, δ' in A, A,', B,, Β΄, and the absolute in — 


X,, Y, (i=1, 2, 3). Then, since 4,, A,’ and B,, Βι' are 


harmonic conjugates with regard to X,, Y,, (4,4,’, BB,‘ 
is an involution with double points X,, Y, Also, by a 


fundament 
po ΕΝ property of a ruled surface of the second 


(4,4.8.8.Ὑκ(4,4.8,8,γπκ(4,,,..8.8. 
πὰ 2 s43 8.891}. 
(4, 4,'B,B,'X,Y,)*(A,A,'BLB,'X oY.) 
%*(A345'B,B,' X55), 
Therefore X,X,X, and Y, Y,Y, are two generators g, y of 
; they are also generators 
since they cut it in more 
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than two points. Hence all the common perpendiculars 
to two paratactic lines cut the same two generators of the 

Let a cut the absolute in a,,a,. Through each of these 
points passes one generator (g, and 4.) of the absolute of 
the opposite system to x, ἡ, and therefore cutting x, y in 
&£&s, ne. g, and g, must also belong to the same regulus 
as 1,, lo, lg, since they cut the surface in more than two 
points. Therefore they cut a’, b and b’ also. Hence a and 
b cut the same two generators of the absolute. Q.E.D. 

Conversely, if a and b cut two generators σι, g2 of the 
absolute in a4/3,, a28,, let hy, ἂς be the two generators of 
the other system through a,, a2, then the polar of a is the 
intersection of the planes (σι), (g2/2), and therefore cuts 
both g, and g,. Hence g, and g, are common transversals 
of a, a’, b, b'. But, by § 12, if a, a’, ὃ, δ' do not all belong 
to the same regulus, they have only two common trans- 
versals, which are absolute polars. Now g, and g, are not 
absolute polars (each being its own polar), hence a, a’, 6, δ' 
belong to the same regulus, and have an infinity of common 
transversals. Therefore a, ὃ are paratactic. 

The two sets of generators of theabsolute may be called 
right-handed and left-handed. Two lines which cut the same 
two left (right) generators of the absolute are called left 
(right) paratactic lines. We see, therefore, that all the 
common transversals of two right paratactic lines are left 
paratactic Vines. Further, if a and 6 are both right (left) 
paratactic to ¢, then a is right (left) paratactic to b; for 
a, b, α all cut the same two generators of the absolute. 


16. Paratactic lines have many of the properties of 
ordinary euclidean parallels. In particular they have the 
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characteristic property of being equidistant. They are 


not, however, coplanar. We shall use the symbol Π for — 


right parataxy, and [1 for left parataxy, 

If ABNCD and if AC and BD are both 1 CD, they are 
also 1 AB; AC=BD and BD, and AB=CD. Also 
AD cuts both pairs of lines at equal angles. The figure 
ABDC is a skew rectangle; its opposite sides are equal 
and paratactic. 

If ABNCD and =CD, then joining AC, BD and AD, 
4 ADC = DAB, and we find two congruent triangles 
ACD and DBA ; therefore 

AC=BD and LACD=Z/ DBA. 

Conversely, if AB=CD and ZABD=ZDCA. or if 
CAB + ACD =2 right angles, then AB is paratactic to CD. 
Hence, if AB = and CD, it follows that AC = and U BD. 
ABDC is analogous to a parallelogram. 

Real parataxy can only exist in elliptic space. For if 
ABDC is a skew rectangle, the lines AB, AC, AD are not 
co-planar. 

Therefore CAD +BAD>ZCAB, ie. > a right angle. 

But LBAD=ZADC: 
therefore. 2CAD+ADC + ACD>2 right angles: 
therefore the geometry is elliptic. 


17. Clifford’s surface. 

If alle and 6[)¢, so that afb, the common transversals 
of a, ὃ, ¢ are all{j, and form one regulus of a ruled surface 
of the second degree; the lines of the other regulus are all 
(la, bande. Ifa’ is a generator of the opposite system to 
a, ὃ, c, then any line which cuts a and is 1 αἱ cuts ὃ and «. 
The surface is therefore generated by a line which cuts a 
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fixed line and is paratactic to another fixed line. By § 16 
it cuts the fixed line at a constant angle, 20. 

Let OP be the fixed line, which is cut by the variable 
line OP’ (Fig. 68). Draw ON 1the plane POP’ and 
=d=26qir. Draw OM bisecting the angle POP’ (=20), 
and draw NM LON in the plane MON. ΝΜ is then para- 
tactic to both OP and OP’, and ON is supposed to be drawn 
in the direction such that NMNOP andU OP’. Any other 
line which cuts OP and is!) OP", i.e. any generator of the 
left-handed system, is also |) NM, and is at the same 
distance ὦ from NM. Hence NV is an axis of revolution 
of the surface, and similarly the polar of NV is also an 
axis of revolution, 

This surface is, therefore, just the surface of revolution 
of a circle about its axis which we considered in §11. In 
fact, through any point P of this surface there pass two 
lines paratactic to the axis, and since these lines are equi- 
distant from the axis, they lie entirely in the surface. This 
surface, which is called Clifford’s Surface, is therefore 
a ruled surface. All the generators of one set are [] to the 
axis 1, and all the generators of the other set areUl. Two 
generators of opposite systems cut at a constant angle 


A d. From the figure in §15, it appears that Clifford’s 


surface cuts the absolute in two generators of each 
system. 

Suppose the surface is cut along two generators. The 
Whole surface is covered with a network of lines inter- 
Secting at a fixed angle 20, and can be conformly repre- 
sented upon a euclidean rhombus with this angle. The 
geometry on this surface is therefore exactly the same as 
that upon a finite portion of the euclidean plane bounded 


ἈΝ, Gc, H 
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by a rhombus whose opposite sides are to be regarded 
as coincident. As an immediate consequence, the area of 


the surface is found to be 445. sin 20, since the side of the 
rhombus =2g. We have therefore the remarkable result 


that both in hyperbolic and in elliptic space there exist 
surfaces (viz. horospheres and Clifford’s surfaces respec- 
tively) upon which euclidean geometry holds. 


18. Trigonometrical formulae. Circumference of a 


In investigating the trigonometrical formulae we shall — 


use a method which might equally well have been employed 


in hyperbolic geometry. The starting point is the assump- 
tion that euclidean geometry holds in the infinitesimal — 


domain.! 


1'The truth of this assumption is indicated by the fact that when the 
sides of a triangle tend to zero, the sum of the angles tends to the value 7. 
The steps of the proof are as follows. Let ABC be a triangle with right 
angle at C. We have to prove (1) that the ratio AC: AB tends to a 
limit. ‘This limit is a function of the angle A, say f(A). We have to 
prove (2) that f(A) is continuous, and (3) that its value is cos 4. The 
last step is best obtained by the formation of a functional equation 
f(@ +) +f(0- φ) τεῦ (0). fi). See Coolidge, Chap. IV. 
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Let AOB be a small angle a, 0A =OB =r, AA’ = BB’ =dr, 

AB =a, A'B'=a+da, The angle OAB is nearly =. Let 

OAB=OBA πὸ -0, OA'B' =OB' A’ πὸ ~(6 +d6). 


Fie, 72, 


Draw BM, making the angle ABM -480-- --. 


Then, neglecting higher infinitesimals, we have A’M = 48; 
therefore MB’ =da, and BM =dr. 
Therefore da=2drsin } MBB’ =2dr sin 0, 
or = =20. 
Again, the area ABB' A’ =adr, and the sum of its exterior 
angles b= = : 
=2(F -θ +5 +60 +76) =2(r +d); 


therefore adr = —2k*d0, (ὃ 9) 
or a= ~242% eS, 
1.6, a + a τεῦ. 
The solution of this is 
a=C sin ¢ + $) 


απ ν ὑπ ΝΗ" νιν. 
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When r=0, a=0 and 2(-0)=7~a, therefore 20=a, 
so that 0=C sin ¢, ay. cos @; whence ᾧ =0 and C=ka. 
Hence we have, finally, 
a=kasin τ 
Since a and ἃ are small, we can take @ as the are of a 
circle of radius ry. The whole circumference of a circle is 
therefore 27k sin i: 


When γ- πὶ, the circumference is 27k, which is twice 
the length of a complete line, and therefore ἢ = 47k. 


19. Trigonometrical formulae for a right-angled 
triangle. 
Keep one part, say ὁ, fixed. Let BAB’ =dA, BB’ =da, 


A* 


Fie. 73. 
AB'C=B+dB, NB’ =de. 
Then Ne: ee ἘΠῚ (τ 
ksin> dA =NB=dasin Β. 41-4 ie ΟΡΩΝ 
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The area of BAB’ is obtained in two ways, (1) by inte- 

ue =|" ksin fad do 

=K*dA(1-cos¢) 


(2) in terms of the angular excess 
=(dA+7-B+B+dB-7) 
=k?(dA +dB). 


Hiquating these, dB= - cos 9 44. stasaes περ να μον ΚΤ} 


Eliminate da and dA between these three equations, 
and we get 
kdB tan’ = —ksin’ dA = -dasin B= —dotan B, 
giving a differential equation in B and ὁ. The integral of 
this is 


sin ; sin B = (b), 


since ᾧ is the only constant part. 
Putting B =5: c=b, and we find f(b) =sin 4 


Hence we have _ sin P =sin 1 sin B. 


20. Associated triangles. 

In order to obtain the other relations between the sides 
and angles, we shall establish a sequence of associated 
triangles which form the basis for Napier’s rules in spherical 
trigonometry. This sequence has already been referred 
to, and a similar sequence was found in hyperbolic geometry. 
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We shall first introduce the following notation. Let 
et , Τ' | 

a=alk, a = τα; then the angles a, 8, y correspond to 


the sides a, b, ¢ of the triangle. 
Draw the absolute polars of the vertices A and B. These 
form, with the sides produced of the given triangle, a star 


pentagon. Mark on each side the angle which corresponds 
to it, and we get the figure (Wig. 74). Each of the five outer 
angles is a right angle. Each vertex of the simple pentagon 
is the pole of the opposite side. We obtain then five 
associated right-angled triangles. If we write down the five 
quantities A, a’, γ, β΄, B which correspond to the parts of 
the first triangle A, a, y, 8, B, the corresponding quantities 
in the same order for the second triangle are a’. y, β΄, B, A 
but these are the same as the five quantities corresponding 
to the first triangle permuted cyclically; and they are 
represented in proper order by the sides of the simple 
pentagon. 
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21, Napier’s rules. 
Now we have proved for the first triangle that 
sin? =sin¢ sin B. 
k k 
Writing this in terms of A, a’, y, 8’, B, we have 
cos β΄ =sin y sin B, 
and since this equation can be applied to each of the five 
triangles, and therefore transformed by cyclic permutation, 
we can state a general rule as follows : 

Write the five angles A, α΄, y, β΄, B in order on the sides 
of a simple pentagon. Then, calling any one part the 
middle part and the other two pairs the adjacent parts and 
the opposite parts, we have 

cos (middle part) = product of sines of adjacent parts. (4) 

Taking in succession y, A, B as middle parts, we get 

cos y =sin α' sin β΄, 
cos A =sin a’ sin B, 
cos B =sin β' sin A. 


Hence cos y =cot A cot B, 
i.e. cos(middle part) =product of cotangents of opposite 
ἩΔΈΟΣ Gidhasponchessasnsobatascayvastianech) 


There is a relation of one of these forms between any three 
parts of the triangle. For convenience we write down the 
ten relations in terms of a, ὃ, c, A, B. 

6 hee AS 
COS 7 = 008 7 COS 1. cot A cot B, 
el ea b 
sin 7 =sin 1. sin A=tan z,cot B, 
| oe ., δ, ὃ 
cos A = C08 7 sin B=cot > tan Τ' 


and two other pairs formed by interchanging a, ὃ and A, B. 
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These are exactly the same as the relations which exist 
between the parts of a spherical triangle. The trigonometry 


of the elliptic plane is therefore exactly the same as ordinary 


spherical trigonometry 


If we write the parts a, B’, γ΄, A’, 6 in the order in which 


they occur in the triangle, we get the more familiar rules of 
Napier : 
sine (middle part) =product of cosmes of opposite parts 
= product of tangents of adjacent parts, 


22. In elliptic space the formulae for spherical trigonometry 
are the same as in euclidean space, when we take as the 
measure of a side of a spherical triangle the angle which it 
subtends at the centre, and as the measure of an angle the 
dihedral angle between the planes passing through the 
sides and the centre. 


Fig. 75. 


Let O be the centre of the sphere, and let OA, OB, OC 
cut the polar plane of O in A’. B’, C’. Then we get a 
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rectilinear triangle A’B'C with sides a’, b’, ο΄. The angles 
which the radii OA’, etc., make with the sides are right 
angles; hence A’ =the dihedral angle between the planes 
OAB and OAC, ie. A'=A. Also a'=ka. Hence the rela- 
tions between a, 8, y, A, B, C are the same as those between 
α' δ' οἱ 
Bee 
ordinary spherical trigonometry. 

The measurement of angle, plane or dihedral, is the same 
in all three kinds of space, and spherical trigonometry 
involves only angular measurement. This explains why 
spherical trigonometry is the same in all three geome- 
tries. 


23. The trirectangular quadrilateral. 
As in hyperbolic geometry, there is a correspondence between a 
right-angled triangle and a trirectangular quadrilateral. In fact 


A’, B’, C’, which are the same as those of 


Fro, 76. 


we see that, by producing two opposite sides of the quadrilateral 
to meet, we get, corresponding to the trirectangular quadrilateral 
Camlb, a right-angled triangle with hypotenuse jrk-b=b, sides 
a and ἀπὲ -- πὶ =i. and the opposite angles and 7—C. 
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If we write the parts 
7 agcrm zt ὃ 
εν ΣΎ ΣΕ Σ 


in cyclic order, then we have the rules : 
sine (middle part) =product of cosines of opposite parts 
= product of tangents of adjacent parts. 


1. Prove that the bisectors of the vertical angle of a triangle 
divide the base into segments whose sines are in the ratio of the 


sines of the sides. 

2. Prove that the are of an equidistant-curve of distance a, corre- 
sponding to a segment x on its axis, is x cos αἱ ἢν 

3. Prove that the area of a circle of radius r is drktsin? τ. 

4. Prove that the area included between an arc of an equidistant- 
curve of distance a, its axis, and two ordinates at distance z, is 

ad 
ke sin =. 

δ. Prove that the area of the whole plane is 27/*, and the volume 
of the whole of space is 7k". 

6. Prove that the volume of a sphere of radius r is 


7. οἷν 
a --- Ὁ. ηἷ —= 1 
G sin 70) 


(In the following examples ἢ is unity.) 


ἡ. If R is the radius of the circumsphere of a regular tetrahedron 


whose side is a, show that 
sin Ja =,/3 sin R. 

8. If 2d is the distance between opposite edges of a cube of edge 2a, 
2h the distance between opposite faces, and F the radius of the 
circumsphere, prove that 

sint’d=2tan*a, sin*h=sin*a/cos 2a, sin? R = 3 sinta. 

9. A semiregular network is formed of triangles and quadrilaterals, 
two of each at each node. Prove that this can only exist in elliptic 
space, and that the length of the side is ἐπ᾿ 
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10. In elliptic geometry show that there can exist six equal 
circles, each touching each of the others, and of radius given by 


2eosr sin ==13 three equal circles each having double contact 


with the other two, and of radius v3 and (with overlapping) four 
Ξ " 
circles each touching the other three, and of radius cos—* 78 


11. Prove that five spheres, each of radius 7 can be placed each 
touching the other four; eight spheres, each of radius τ and each 
having double contact with four others; and four spheres of radins 
τ each having double contact with the other three. 


12. For a regular polyhedron : 

a =length of edge. 
a=angle subtended by edge at centre. 
6 =angle of each polygon. 
5=dihedral angle between faces. 
n= number of sides of each face. 
p=number of edges at each vertex. 
R=radius of circumscribed sphere. 
r =radius of inscribed sphere. 
p=radius of sphere touching the edges. 

R,, = radius of circumcirele of each face. 
r,, = radius of incircle of each face. 


Prove the relations : 
© _sin™ cos?, sin@=sin Rein’, sinp=tan cot = 
on aan τοῦτ sin 5 =sin # sin 5, sin p tan 5 co δ᾽ 
᾿ς. δ- Se Se re - ον ὦ Οἷῇ 
cos -- = βίῃ 5 008 5 sin 5 =sin #,sin τ, sin τ = tan 5 cot π΄ 


ὃ 
cos R=cosr cos R,, cosp=cosrcosr,, sinr,=tanr cot δ᾽ 


o ὁ σα τ a "τ 
sin r =sin p sin 5. cnt 3 = cost cost” / (τους - =), 
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13. For a regular tetrahedron prove that cos 8=cos a/(1 +2 cos a), 
»  » hexahedron » 008 8=(cosa-1)/2 cosq@ 
FF ΕΣ} octahedron ΕΣ] cos ὃτε -La +2 cosa), 7 . 

" » dodecahedron prove that 
cos = {2 cosa—(1 +/5)}/{4 cosa (1 ~4/5)}. 

For a regular icosihedron prove that 

eos 6= {(1 -- ἰδ) cosa -(1 +-/5)}/2(1+2 cosa). 
14, Prove that elliptic space can be filled twice over by 5 regular 


tetrahedra of si (1), wi | . 
Le Ke ΒῸ ae edge and 4 at each 


CHAPTER IV. 
ANALYTICAL GEOMETRY. 


1. Coordinates. 

We shall assume elliptic geometry as the standard case, 
and construct a system of coordinates. The formulae 
can be adapted immediately to hyperbolic geometry by 
changing the sign of A. 

Take two rectangular axes Ox, Oy. Let P be any point, 
and draw the perpendiculars PM=u and PN =v. Let 
OP =r, cOP -θ. 


15. Provo that elliptic space can be filled in the following ways: 
: i 
(1) 4 cubes, of edge =, 3 at each edge and 4 at cach vertex. 


i 
(2) 8 tetrahedra, of edge 5° 4 at each edge and 8 at each vertex, 


(3) 12 octahedra, of edge =, 3 at each edge and 6 at each vertex. 


(4) 60 dodecahedra, of ed cos7) 1+ 35 | nd 
een ge : , 3 at each edge and 


(5) 300 tetrahedra, of edge cos --, 5 at each edge and 20 at each 
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r, @ are the polar coordinates of the point. κι, v might 
be taken as rectangular coordinates, but we shall find it 
more convenient to take certain functions of these. 


| cot Oe Pi 
We have sin 7, =sin » cos θ, sin gain Ὁ sin θ, 
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For any point on OP, therefore, sin , =sin Ἢ tan 6, 
This is the equation of OP in terms of the coording#ies T 


and », 


Consider any line. Draw the perpendicular ON =p, 
and let 2ON =a. p and a are always real, and completely 


¥ 


Fra. 78, 


determine the line. If P is any point on the line with 
coordinates τὲ, v, 


tan [cot 7 =cos (0 —a). 


Therefore tari 7 606 7 =sin 7 cos a +sin Ὁ sin a. 


This equation is linear and homogeneous in 
. δ . © r 

sm 7" Β1Π RE COs ry 
We shall effect a great simplification, therefore, if we 
take as coordinates certain multiples of these functions, 
The equation of a straight line being now of the first degree, 
the degree of any homogeneous equation in these coordi- 
nates gives the number of points in which a straight line 
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meets the curve, i.e. the degree of the equation is the same 
as the degree of the curve. . | 
In order that the coordinates of a real point may be real 
numbers, both in elliptic and in hyperbolic geometry, we 
shall define the coordinates as follows : 
ce” 
w=ksin ;=k sin 7 cos θ, 
y=ksin 7 =k sin ; sin θ, 


2 =CO8 - 

These are called Weierstrass’ point-coordinates. 

The three homogeneous coordinates are connected by a 
fixed relationship. We have 

a? + 4% =H sin? Ὁ = (1 - 2, 
1.€. x + y? + kez? =k. 

As any equation in 2, ἡ, 2 may be made homogeneous’ 
by using this identical relation, we need only, in general, 
use the ratios of the coordinates. 

2. The absolute. 

In hyperbolic geometry, putting ék instead of k, we find 
the coordinates 


r 
2=cosh i: 


and a, ἡ, 2 are connected by the relationship 
g2+y? — Kz? = — 1. 
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If r is infinite, x, ἡ, z are all infinite, but they have 
definite limiting ratios. Let a, 8, y be the actual values, 
«, y, 5 the ratios, so that a=z, 8 =ry, y =z, and \->o0. 


Then a® + 82 — 252% — -.8: 
therefore ao +4? — 33 = πχετῦ. 


Hence the ratios of the coordinates of a point at infinity 


satisfy the equation 
x? εν — k22? - Ὁ, 

This is the equation of the absolute, which is therefore 
a curve of the second degree or a conic. In hyperbolic 
geometry it is a real curve ; in elliptic geometry the equation 
is a? +y + i222 =0, which represents an imaginary conic. 

3. Normal form of the equation of a straight line. 
Line-coordinates. 

We found the equation of a straight line in terms of the 
perpendicular p and the angle a, which this perpendicular 
makes with the z-axis, in the form 

2 COS a +4 Sin a =kztan?, 
which may be written 
&x + ny + €z =0. 

The ratios £: η : ᾧ determine the line, and can be taken 
as its line-coordinates. It is convenient to take certain 
multiples of these as actual homogeneous coordinates, viz. 

ἕξ ΞΞ ΟΌΒ a COS a 
»=SiN a Cos 1, 


C= —ksin i 
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which are connected by the identical relation 
Kee? 4+. Kn? + G2 = he, 
These are called Weierstrass’ line-coordinates. 
In hyperbolic geometry 


£=cos a cosh ἢ. n=sin α cosh F, f= -ksinh?. 


and the identical relation is 
Kg? +h? -G=h*, 

If poo, £ ἡ, € all sc. Let the actual values be 

a, B, y, and ἰοῦ α -λξ, B=Ay, y=AE; then 
I (2 +92) - 2 =? =0, 

Hence the coordinates of a line at infinity satisfy the 
equation K2E? + K%y? — δ =O, 

A homogeneous equation in line-coordinates δ, ἡ, ¢ repre- 
sents an envelope of lines. This equation represents an 
envelope of class 2, 1.6. a conic. This is the same conic 
as we had before and represents the absolute, since it 
expresses the condition that the line (£, 7, ὦ should be a 
tangent to ὦ + y* — [323 =0. 


4. Distance between two points. 
Let P(x, y, z) and P’(x’, y’, 2’) be the two points, PP’ =d. 
Then, if the polar coordinates are (r, θ) and (γ΄, 0’), 
cos f= cos 7 cos” +-sin T sin cos (0-6) 
οὐ ἂν 
=e! Ἐς; ὁ Ἴ' 
or, in terms of the ratios of the coordinates, 
aa an ἐν + Kea 
ke Sah ey? + hee? /a'? + 2 + 2? 


N.-E,. G. 
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It is convenient to introduce here a brief notation. If 
(x, y, 2), (α΄, γ΄, 5 are the coordinates of two points, we shall 
dete wa! + yy! +22! = (ax), 
and we shall speak of the points (x) and (z’). 
Then the distance between the points (4) and (z’) is 
given by cos? __ (ez ) 
at i ~ J (ez) να 
5. In elliptic geometry the distance-function is periodic, 
Suppose d=}2k; then cos =0, and 
we’ +yy' + kzz' =0, 
i.e. all points on this line are at the distance ἐπὶ or a 
quadrant from (α΄, y’, τ). This is therefore the equation 
of the absolute polar of (2’, γ΄, 2’), It is the polar with 
respect to the conic 
a +4? + 135 =0. 
This is therefore the equation of the absolute. 


Suppose εἶ τε πὶ ἢ then cos eo 1, and, with actual values 


of the coordinates, ᾿ 

wa’ + yy’ Ὁ kez2! = — ke, 
but a +a? +2? =k, 
and αἰϑ εν γε, 


therefore, multiplying the first equation by 2 and adding 
to the others, 
(a+a')P?+(yr+y' P+ (z+2') =0, 
whith requires that 2 = —2, y' = —y, 2’ = -2. 
In spherical geometry these would represent antipodal 
points. In elliptic geometry antipodal points coincide, 
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and therefore in every case, if two points have their co- 
ordinates in the same ratios, they must coincide. 

6. Angle between two lines. 

From the figure (Fig. 79) we have 


Pr _ Spat tee? 
sin 7 sin 7 7.8i0 dr, cos β, cot 7 tan 7 


sin 4? sin 1 sin $y, cos β.- cot 7 tan ἦν, 


Fig. 79. 


C08 φ; = sin B, cos 5, gy Ἐφ; --π -φ, 
008 #4. =sin 8, cos 75, 8, +Be=ag-%, 
C08 (1 + $2) =sin 8, sin By cos 4 cos? 
—cosec? sin pn sin He 
cos (8, +8-) =cot®, tan 2 tan? ~sin 8, sin Bg 


ae 
= COS (ας — 44). 
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Therefore 


=cosec®. sin 2! gin 22 
cos ᾧ =cosec*s sin 1 58 
+ (cos a, ταὶ ~cot®? tan 7] tan 59) cos 7) cos Ἐὲ 


Ξ- 51} π 51} Pe + cost! cos a cos (ας = a) 


k 
=his 


ἪΣ thie t nine, 


or, in terms of the ratios, 

kg Eg +h nye + Obs 
138} τ an +O? VhEF + +h*n? 24 G2 
If (££) =0 is the line-equation of the absolute, 


___ ey 
Oe ee ep 


7. Distance of a point from a line. 
If d is the distance of a point from a line, ἐπὶ -- is the 
distance of the point from the pole of the line. Let the 
coordinates of the point be (2, y, 2) and of the line (&, », ©. 
The pole of the line is (058, ἔβη, ὃ. Therefore 


sin ga Ga Ξς τ ς- 
ko Jetty + Pe JA +77 513 


8. Point of intersection of two lines (£,, , 4), 
(Eo, ἢ ἃ» ζ 4). 

The coordinates of the point of intersection are pro- 
portional to (Co -- 2G, ᾧχξο -- feb, S72 — Fon)- 


COS ᾧ = 
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Tf the actual values are a, 8, y, so that a=Az, etc., then 

αὐ + 8? + Ky? =k? =? [(m C9 — 2G)? + (ᾧξς τ Sofi)? 
+h? (Ene -- Eom)" 

= NAHB δ + yg? + ἢ) (Ea? + ng? + ἡ 

—(& 2+ me + ᾧκζ [13}}} 

=)\*k*[1 —cos* φ]; 
therefore A =cosec Φ; 
where @ is the angle between the lines. 

If the coordinates of the point of intersection satisfy the 
equation 2° +? +k? τεῦ, ὁ i.e. if the lines intersect on the 
absolute, is infinite and ᾧ is zero, The two lines in this 
case are parailel. 

If the ratios of the coordinates make 2? Ὁ /*2*< 0, 
\ is imaginary. The two lines have then no real point of 
intersection, and the angle ᾧ is imaginary, The lines may 
be said to intersect outside the absolute. (‘These two cases 
can, of course, only happen in hyperbolic geometry.) 

In the latter case the two lines have a common perpendi- 
cular. 

Let ὅν + yy +€=0 be perpendicular to both; then 

EE, +m + πὸ, So + ne + (o/h? =0 
therefore ἔτη: €=mOo—m261 : ζχξς — Cob? (E72 - ἐμὴν ; 
but this line is just the polar of their point of intersection. 
The length p of the common perpendicular is equal to k¢, 
and we have 
cos ᾧ =c08 ἢ Ξ ξιξο +mnet "73 Gta 


The actual Weierstrass coordinates of an ideal point are therefore 
purely imaginary numbers of the form (iz, iy, iz), and their ratios 
are real. If we let the coordinates (x, y,z) be any complex numbers, 
we get points belonging to the whole “complex domain.” ‘This 
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includes (1) real actual points, for which the ratios x: y:2 are real 


and x* 1? +/°2* has the same sign as 15. (2) real ideal points, for 
which the ratios a: y:2 are real, and (2° +2 +/2*)//2 is negative, 
(3) imaginary points, for which at least one of the ratios x: y:2 
is imaginary. The line joining a pair of conjugate imaginary 
points is a real line, actual, at infinity or ideal. The distance 
between a pair of conjugate imaginary points is real only if their 
join is ideal. 

9. Line joining two points. 

Similarly the line-coordinates of the line joining two 
points (2, ἡ, 2%), (%2, Y2, 52) are proportional to 4,2. -- ἡ 2%, 
ζγῶς -ζοῦ, χα πῃ. The actual values of the line- 


coordinates are found by multiplying by the factor cosec : 
where d is the distance between the two points. | 
If the ratios of the line-coordinates satisfy the equation 
&* +7? + @/i* =0, the line is at infinity, and the distance d 
is zero. 
If the ratios make ¢+7?+@/k®<0, the line is wholly 
ideal, and the distance d is imaginary. 


10. Minimal lines. 

When the join of two points is a tangent to the absolute, 
the distance between the two points is zero. For this 
reason the tangents to the absolute are called minimal 
lines. 

in euclidean geometry the distance between two points (a, y;), 
(Far Ya) 8 πο (a GAP +(e th =O, 

i.e. if Yo ~ Y= εἰ (ὦ; - χὰ), 

i.e. if the join of the two points passes through one of the circular 
points (Chap. Il. $17). The line at infinity itself passes through 
both of the circular points, and it is the only real line which passes 
through them. The distance between two points at infinity should 
thus be zero. But again, any point on the line at infinity is in- 
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finitely distant from any other point. Hence the distance between 
two points, both of which are at infinity, becomes indeterminate. 
In relation to the rest of the plane we must consider such distances 
as infinite, and the geometry of points at infinity becomes quite 
tmmanageable. The geometry upon the line at infinity by itself, 
however, is really elliptic, since the absolute upon this line consists 
of a pair of imaginary points; the “ distance” between two points 
at infinity could then be represented by the angle which they subtend 
at any finite point. 


11. Concurrency and collinearity. 
The condition that the lines (&, m, G), ete., be con- 
current is 
& on G =0. 


£5 79 ζ; 
Ey ἢ ᾧ 


The condition that the points (x, , y,, 2), ete., be collinear is 


ἢ Hh ἢ [Ξῦ. 
Lo Yo % 
Tz Ys 4 | 


These conditions are, of course, the same as those in 
ordinary analytical geometry, with homogeneous co- 
ordinates. 

Since the equation of a straight line is homogeneous and 
of the first degree in the coordinates, all theorems of 
ordinary geometry which do not involve the actual values 
of the coordinates, or the distance-formulae, will be true 
also in non-euclidean geometry. These theorems are 
those of projective geometry. The difference between 
euclidean and non-euclidean geometry only appears in 
the form of the identical relation which connects the point 
and line coordinates, 1.6. in the form of the absolute. 
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12. The circle. 
A circle is the locus of points equidistant from a fixed 


point. Let (2, y,, 2) be the centre and r the radius; theu 
the equation of the circle is 


A FH; + 


cos ἢ -- a2 + yp? + [3,3 να δεν. + Bz?” 


or, when rationalised, 


[iv. 12 


(xxx) (xr) cos* 7, = (way) 


This equation is of the second degree, and from its form we 
see that it represents a conic touching the absolute (aa) =0 
at the points where it is cut by the line (xx,)=0. (αι) =0 
is the polar of the centre, and is thereforé equidistant from 
the circle, 7.e. it is the axis of the circle. Hence A circle is 
a conte having double contact with the absolute ; its axis is 
the common chord and its centre is the pole of the common 
chord. 

The equidistant-curve. Let (ὦ, », G) be the coordinates 
of the axis, and d the constant distance ; then the equation 
of the curve ᾿ 

Ee + my +Gz 
ko Je +m + Ge irene + y+ he 


or (xx) (EE) sint® em (ἔκ + my + Gz). 


This again represents a conic having double contact with 
the absolute, the common chord being the axis. The pole 
of the axis is equidistant from the curve, and so the equi- 
distant-curve is a circle. In elliptic- geometry both centre 
and axis are real, in hyperbolic geometry the centre alone 
is real for a proper circle, and the axis alone is real for an 
equidistant-curve. 


ant 


f 
| 


/ 
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The horocycle. In hyperbolic geometry, the equation 

of the absolute being 2*+y9?-/®2?=0, the equation of a 

horocycle is of the form 

αν — k®z* =r (ax + by Ὁ Ὁ)", 


where αϑ εὖ = Ἔ 
13. Coordinates of a point dividing the join of two 
points into given parts. 
If (a, 1%); (ας, Ya, 2g) are any two points, the coordinates 
of any point on the line joining them are 
(Atty Ἐμῶς, AYy +MY a, NZ + MZ)s 
for if av+by+cz=0 is the equation of the line, so that 


it is satisfied by the coordinates of the two given points, it 


will be satisfied also by the coordinates of any point with 
coordinates of this form. Similarly, if we consider these 
as the line-coordinates of two lines, the coordinates of any 
line through their point of intersection are of this form. 
In fact the line 
A(ayx + by +62) +m (age + bay 6,2) = 

whose coordinates are (λα; + μᾶς, » .), passes through the 
intersection of the two given lines a7 +b,y+¢2=0 and 
Oot + boy + Cz =0. = εἶ 

To find the coordinates of a point dividing the join of two 
points whose actual coordinates are (2, yj, %) and (ας, Yo, 22) 
into two parts 7, and rg, where Τὰ +72=7. — 

Let (Az, +2s,...) be the actual coordinates of the re- 
quired point. Then 

13 Ἧς 
Hy (Ny + μα) + Ys (AYa + MY2) + Pay (AZ + μα.) =H COB 7 5 


᾿ 
therefore \ + Cos : Ξε ΟΞ Ἢ 
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Similarly A cos Ὁ + =c08 7: 

Ἢ με Te ἐπ eee 
whence \sin 7 =sin τ and usin 7 =sin 7 
and the actual coordinates are 

sin ὁ τας sin 2 
— Aloe 
k 


If (21, ¥,, %), ete., are only t i 
> Ii,%), ete., nly the ratios of the coordinates, we 
must first find their actual val ividing by t 
“ποιὸ th alues by dividing by the 
If the line is divided externally in 
a ternally into two parts 7, and 
rz, We have only to observe the proper signs of r, 1, ana Te 
14. Middle point of a segment. 
rp particular, ifr; =?» we get the ratios of the coordinates 
of the middle point of the segment (2, +Xo, Yr +Yo, % +o), 


or, if x,, ete., are only proportional to the i 
ἸΣ ὧι, ete., ont} β coordinates, the 
ratios of the coordinates of the middle point are 


a! ae , 
+t 9 +7 ce NS 
νων Meee) Mages) ναρ Vege)’ 
the actual values being obtained by dividing by 2 cos aE” 
The join of two points has a second middle point with 


coordinates —“1____2_. . 4 a 
Tees) Tage? te setual values being 


obtained by dividi in = ipti 
3 y dividing by 2 sin 57. In elliptic geometry 
these points are both real and a quadrant apart; in 
‘To Ἢ | 
: τ Apel μα, ἀροιγον ue two middle points of a segment are 


with respect to the given pointe, τ S°OmeTy) harmonic conjugates 
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hyperbolic geometry the factor 2 sin 55 becomes 2% sinh a" 


and the coordinates of the second middle point are all 
imaginary. 


15. Properties oftriangles. Centroid, in- and circum- 
centres. 

Through each vertex of a triangle (x), (%), (a3) pass 
two medians, and the medians are concurrent in sets of 
three in four centroids, denoted, in the notation of §4, by 


(sa ie ad | + ty } 
(x0) V (was) V (atts) 

The same combination of signs is taken for all three co- 
ordinates, and there are four different combinations of 
signs, one corresponding to each of the centroids. 

Similarly, the middle points of the sides are collinear in 
sets of three in four lines, the axes of the circumscribed 
circles, | 

The bisectors of the angles are concurrent in sets of three 
in four points, the centres of the inscribed circles ; and their 
points of intersection with the opposite sides are collinear 
in sets of three in four lines. 


16. Explanation of apparent exception in euclidean 
geometry. 

In euclidean geometry four circles can be drawn to 
touch the sides of a triangle, but apparently only one can 
be circumscribed. Of the four cireumcircles of a triangle 
in hyperbolic geometry, three are equidistant-curves. In 
euclidean geometry the equidistant-curve through B, C 
and A reduces to the line BC and the line through 4 || BC. 
(Cf. Chap. 11. § 23.) 
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The conception of a pair of parallel straight lines as 
forming a circle in euclidean geometry is consistent with 
the definition of a circle as a conic having double contact 
with the absolute, for the absolute in this case is a pair of 
coincident straight lines, and this is cut by a pair of parallel 
lines in two pairs of coincident points. A single straight 
line is not, of course, a tangent to the absolute, though it 
cuts it in two coincident points; this case is just the same 
as that of a line which passes through a double point on a 
curve, but which is not considered as being a tangent. 
But when we have a pair of parallel lines cutting the 
absolute Q in four points all coincident, we can regard 22 
as being 8 tangent to the curve consisting of this pair of 
lines. Fig. 80 represents the case approximately when the 
absolute is still a proper conic and the pair of straight lines 
is also a proper conic, having double contact with the 

absolute. 


Fia. 80. 

: The axis of the circle consisting of a pair of parallel 
lines is the line lying midway between them ; the absolute 
pole of this (a point at infinity) is the centre. When the 
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axis passes through the centre, i.e. when it coincides with 
the line at infinity, the circle becomes a horocycle, which 
is thus represented in euclidean geometry by a straight 
line together with the line at infinity. 

Two equidistant-curves, with parallel axes, have the 
same centre at infinity. In hyperbolic geometry two 
equidistant-curves, with parallel axes intersecting at 
infinity at O, have their centres on the tangent at O, and 
therefore at a zero distance apart though not coincident. 


17. Polar triangles. Orthocentre and orthaxis. 

If A, B, C is ἃ triangle and A’, Β΄, C’ the absolute poles 
of the sides a, b, c, then the sides a’, b’, ο΄ of the second 
triangle are the absolute polars of the vertices A, B, C of 
the given triangle. Two such triangles are called polar 
triangles. 

If the coordinates of A, B, C are (αν, 4, %); ete., the 
equations of their polars are (72,) =0, etc. 

The point-coordinates of the vertices A’, B’, C’ are 
Yi2Z_-Yxrs Als — 2k, (TY2 -- σφ ΠΣ, ete. 

The equation of AA’, which joins (ὦ, %,%) to the point 
of intersection of (av) =0 and (χα) τεῦ, is 

(ας) (ἀρ) — (2) (x09) τεῦ. 

Writing down two other equations by a cyclic permuta- 
tion of the suffixes, we get the equations of BB’ and CC’, 
and the sum of these vanishes identically. Hence AA’, 
BB’, CC’ are concurrent. AA’ | BC and B'C’; hence the 
point of concurrence is the common orthocentre O of the 
triangles ABC, A'B'C’. 

The absolute poles of AA’, BB’, OC’, i.e. the points on 
the sides of the triangles distant a quadrant from the 


142 ANALYTICAL GEOMETRY [rv. 18 


opposite vertices, will be collinear in a line called the 
orthavis, 0, which is the absolute polar of the ortho- 
centre. 

The two triangles ABC, A’'B’C’ are in ver. ἜΝ. 
centre O and axis o. ee 


18. Desargues’ theorem. Configurations. 

The last result is a particular case of Desargues’ theorem 
for perspective triangles, which, since it expresses a pro- 
jective property, is true in non-euclidean geometry, and 
can be proved (using space of three dimensions) in a purely 
projective manner. 

In the figure for Desargues’ theorem (Fig. 81) we have 
two triangles with their corresponding vertices lying on 


three concurrent lines, and their corresponding sides inter- 
secting in three collinear points, There are thus 10 points 
and 10 lines: through each point pass 3 lines, and on each 
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line lie 3 points. A figure of points and lines with this 
property, that through every point pass the same number 
of lines and on every line Jie the same number of points, is 
called a configuration. If po, denotes the number of lines 
through a point, p,. the number of points on a line, poo 
the whole number of points, and p, the whole number of 
lines, the configuration may be denoted by the symbol 


—_— — 


Poo Pa 
Pwo Pu 


Desargues’ configuration is represented by 


0 58 
9 10 


and is reciprocal. A convenient notation for the points is 
by pairs of the numbers from 1 to 5. The three points 
which lie on one line are denoted by the combinations 
with the same three numbers. 

The configuration formed by the six middle points Mo, 
M.,,, etc., of the sides of a triangle ABC and the four points 
of concurrency @o, G,, Οἷς, Gs of the medians is a Desargues 
configuration of a special kind (Fig. 82). The points G 
form a complete quadrangle, and the points M are the 
vertices of a complete quadrilateral, both having ABC as 
diagonal triangle. This is called, therefore, the quadrangle- 
quadrilateral configuration. Each vertex M,, of the quadri- 
lateral lies on a side G,G, of the quadrangle. 

Similarly, the six bisectors of the angles and the four 
lines of collinearity of the points in which they meet the 
sides of the triangle form the same configuration. 
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19. Desmic system. 

In three dimensions we have similar interesting con- 
figurations, 

Tf (2), (a2), (2s), (4) are four points in space, 


a ΒΞ Ge . &% τ 
Wars νῷ Hal Teo 
represent the eight centroids of the four points. Each 
centroid is on a line joining one of the points to the cen- 
troid of the other three. 
If the four given points be denoted by A,, As, As, Ag, 
and the other points corresponding to the different com- 
binations of signs be represented as follows : 


[τν. 19 
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+++ +B, +-- -G, 
+ +- — By, +—- + + @,, 
+ — + — Bs, ++ - +(;, 
+—-— + B,, +++ πᾶ, 


then the join of any B with any C passes through an A, 
e.g. B,—C, gives As. So the 12 points lie in sets of 3 on 
16 lines. They form three tetrahedra, any two of which 
are in perspective in four different ways, the centres of 
perspective being the vertices of the third tetrahedron. 
Corresponding planes of two perspective tetrahedra inter- 
sect in four lines which are coplanar, and these planes are 
the faces of the third tetrahedron. A system of tetrahedra 
of this kind is called a desmvic system. 

In a similar way it may be proved that the centres or 
axial planes of the 8 circum- or in-scribed spheres form with 
the given tetrahedron a desmic system. 

A simple example of a desmic system in ordinary space is 
afforded by the corners of a cube, its centre and the points 
of concurrency (at infinity) of its edges. 


20. Concurrency and collinearity. 

In euclidean geometry we have the two useful theorems 
of Menelaus and Ceva as tests for collinearity and con- 
currency. Theorems corresponding to these hold also in 
non-euclidean geometry. 

I. If a transversal meets the sides of a triangle ABC in 
XYZ, and a, B, y are the angles of intersection, taken 


amOY ane snAZ _ βἰπβ 
sna’ sinCX sin8’ smAY  siny’ 
N.-E. α. K 
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the positive directions on the sides being in the cyclic 
order ABC. Hence 


sn BX sinCY sin AZ "ἢ 
8 ΟΧ sinAY sinBZ ὁ“ 


Il. If three concurrent lines through the vertices meet 
the opposite sides of a triangle ABC in XYZ, and a, 8, y 
are the angles between the lines (Fig. 84), 


sn BX βίη γ oa snCX sin β, 
sin OB sin X sin a ~ sin X’ 


sinCX sin OC’ sin8” 
tae snCY sinOC sina 
SUES" τ Tae aay 
«πῇ βίη 4252 βίη 0 4 sin 8 
sn BZ snOB sina 
| sin BX sinCY sin AZ 
TREES τα συ παν ae 
Conversely, the points X, Y, Ζ are collinear, or AX, BY, 
CZ are concurrent, according as 


sin BX snCY sin AZ 1 1 
sinCX sn AY sinBZ 5 ΟἿ ~* 


-Ἰ. 
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This condition may be put in another form. Since 
sinBX sinAB sin BAX Ss ᾿ 
ΠΩΣ anAC πα χ' the condition reduces to 


sin BAX sin CBY sin ACZ ad, 
sin CAX sin ABY sin BCZ 


in which form it is the same as the condition in euclidean 
geometry. 


From this it follows at once that if AX, BY, CZ are three 
concurrent lines through Ὁ, their isogonal conjugates with 
respect to the sides of the triangle are concurrent in the 
isugonal conjugate of O. 


21. Position-ratio. Cross-ratio. 
If X, Y, P are collinear, the ratio = = Ρ is called the 


position-ratio of P with respect to X Re Y, and the double 
ratio ἘΞ opt τ τὸ ἐς called the cross-ratio of the range 
(XY, PQ). 

Similar definitions can be given for pencils of rays, and 
the whole theory of cross-ratio can be developed on the 
same lines as in ordinary geometry. 


148 ANALYTICAL GEOMETRY (iy. 21 


Thus, the cross-ratio of a pencil is equal to that of any 
transversal, and cross-ratios are unaltered by projection. 


Further, it can be shown that 
(ABCD) =(BADC) =(CDAB) =(DCBA), 
(ABCD) .(ABDC)=1, (ABCD) +(ACBD) =1. 


The harmonic property of the complete quadrilateral 
follows. 


For (Fig. 85), (X YPQ)*% ,»(UV MQ), and alsoX,(VUMQ). 
Therefore (UV, MQ)=(VU, MQ)=-1. 


If A(x,, ¥,,.2%) and B(x», 7, τ.) are two fixed points, and 
P a variable point with coordinates 


(a, +AZzg, Yi +AYo; oy + NZ); 
then, if AP=7,, PB=r,, AB=, 


we found A =sin a / sin 4? =the position-ratio of P with 
respect to A and 8. If Q is the point corresponding to 
the parameter μ, the cross-ratio (AB, PQ) -*. The cross- 
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ratio of the two pairs of points corresponding to the para- 
meters ἃ, λ' and μ, μ' Is 
i ty os λ-μ ΑἿΈ: λ' ER τς 
(λλ » Mie =~ - μ' Ἀ x’ -΄ 
These results are the same as in euclidean geometry. 


EXAMPLES IV. 

.1. Prove that the actual Weierstrass line-coordinates of the 
absolute polar of (x, y, 2) are (αὐ, y/k, kz), and the actual point- 
coordinates of the absolute pole of (£, ἡ, ¢) are (kE, kn, ¢/k). 

2. If the distance between the points (2,, ¥;, 2), (%s» Yes Zz) vanishes, 
prove that their join touches the absolute. 

8. If (2, +%x2. Με Ὁ ie, % +iz_) are the actual Weierstrass coordi- 
nates of a point (z,, y,,ete., being real numbers), prove that (x, %,%) 
and (22, Ys, Ξε) are conjugate with regard to the absolute. 

ἃ, If (x, +ix,,...) (a, +ia,,...)are the actual Weierstrass coordinates 
of two points at a real distance (x,, y,, ete., being real numbers), 
prove that, for all values of A, (x,+Aq,,...) and (ας ἐ λαμ, ...} are 
conjugate with regard to the absolute. 

5. Lf ds is the element of arc of a curve and dx, dy, dz the differen- 
tials of the Weierstrass coordinates, prove that ds* =da* +27 + kd2*. 


If r, 6 are the polar coordinates, prove that ds? =dr* 1 sin? | a6 


6. ABCD is a skew quadrilateral, PQS are points on the four 
sides AB, BC, CD, DA. Prove that if 
sin AP sin BQ sin CR sin DS=sin BP sin CQ sin DK sin AS, 
the four points PQAS lie in one plane. 


7. 1, 2,3, 4 are the vertices of a tetrahedron. <A plane cuts 
each of the six edges. If the edge 12 is cut at A, and the ratio 
sin LA/sin 2A is denoted by (12), prove that (12)(23)(34)(41)=1. 
Conversely, if (12)(23)(34)(41)=1, prove that the points 12, 23, 
34, 41 (1.6. the corresponding points on these edges) are coplanar. 

8. If (12)(23)(34) (41) =1 =(12)(24) (43)(31) =(13) (32) (24) (41), 
prove that either (i) the sets of points 12, 23, 31, ete., are collinear, 
or (ii) the lines (12, 34), (13, 24), (14, 23) are concurrent. 
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9. Four circles touch in succession, each one touching two others 
(the number of external contacts being even); show that the four 
points of contact lie on a circle, and that the four tangents at the 
points of contact touch a circle. 


10. Four spheres touch in succession, each one touching two 
others (the number of external contacts being even) ; show that the 
four points of contact lie on a circle, and that the four tangent planes 
at the points of contact touch a sphere. Show further that, whatever 
the nature of the contacts, the four tangent planes pass through one 
point. 

11. Five spheres touch in succession, each one touching two 
others (the number of external contacts being even) ; show that the 
five points of contact lie on a sphere, and that the five tangent planes 
at the points of contact touch a sphere. (due. Times (n.s.), XL 
Ρ. 57.) 

12. D, #, F are the feet of the perpendiculars from a point O on 
the sides of the triangle ABC. Prove that 

cos BD cos CE cos AF =cosCD cos AF cos BF. 


13. ABC is a given triangle, and / is any line. P,Q, R are the 
feet of the perpendiculars from A, B,C onl. PP’ LBC, QQ’ LCA, 
RR LAB. Prove that PP’, QQ’. RA meet in a point (the orthopole 
of ἢ). 


14, Prove that the locus of a point such that ΓΕ ratio of the 
cosines of its distances from two fixed points is constant is a straight 
line, 

15. If L, M, N; L,, M,,.N,; ete., are the points of contact of 
the in- and e-seribed circles of the triangle ABC with the sides 
a, ὃ, ec, and 2s=a+-b+c, prove the relations : 

AM,=AN,=BN,=BL,=CL,=CM,=2, 
AM=AN=BN,=BL,=CL,=CM,=8-a, ete, 

16. Establish the reciprocal relations to those in Question 15 for 
the circumcircles. 

17. Prove that the envelope of a line which makes with two fixed 
lines a triangle of constant perimeter is a circle. Prove also that 
the envelope is a circle if the excess of the sum of two sides over the 
third side is constant. What is the reciprocal theorem ? 
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(In the following questions, 18-22, the geometry is hyperbolic. 
The formulae are analogous to well-known formulae in spherical 
trigonometry.) 

18. If ka, kb, ke are the sides, and A, B, C the angles of a triangle, 
prove that 


on PN pean ssinh(s-a) .,A_  /sinh(s—6) sinh (s- c) 


πο 


sinhbsinhe 2 sinh b sinh ce 


19. If r, r,, ry, 7, are the radii of the in- and e-scribed circles of a 
triangle ABC, prove that 
tanh r sinh s=tanh r, sinh (8 -- a)=tanhr, sinh (8 -- δ) 
=tanh r, sinh (s—c) 
=vsinh (s - a) sinh (8 -- 6) sinh (9 ~¢). 


20. Prove that 
tanh r, tanh r, tanhr,=,/sinh (8 -- a) sinh (8 -- 6) sinh (s —). 

21. If FA is the radius of the circumcirele of the triangle ABC, 

prove that 
2cosh © © cosh 5 cosh § eh Ra ee 
sind sinB sin 

If D,, Dz, Dy are the distances of the circumscribed equi- 

distant-curves, prove that 
sinh a 


2 cosh 5 sinh 5 sinh S coth D,= =" ete, 


22. Prove that 
coth #+tanh D,+tanh D,+tanh D,=2 cosh ἃ sin A/sinh a, 
coth R+tanh ἢ, - tanh ἢ), -- tanh D,=2 cosh (8 -—a) sin A/sinh a, ete. 
23. Prove that, in the desmic configuration in § 19, the following 
sets of points are coplanar: A,A,B,B,C,C,, A,;A,B,B,C,C,, and 
those obtained from these by cyclic permutation of ABC or of 234, 
Deduce that the configuration has the symbol 
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4. If one pair of altitudes of a tetrahedron ABCD intersect, 
prove that the other pair will also intersect; and if one altitude 
intersects two others, all four are concurrent. If th mditions 
are satisfied, prove that ; Ewes: 

cos AB cos CD=cos AC cos BD=cos AD cos BO, 


25. Prove that there is a circle which touches the in- and tho 
e-scribed circles of a triangle. [In spherical geometry this is Hart's 
circle, and corresponds to the nine-point circle in ordinary geometry. 
ar = and Preston’s Spherical Trigonometry, Chap. VI. 


_26. Prove that there is a circle which touches the four circum- 
circles of a triangle. [In euclidean geometry the circumscribed 
equidistant-curves are three pairs of parallel lines and form a triangle 
A B Ο", of which A, B, C are the middle points of the sides, The 
ciroumcircle of ABC is the nine-point circle of A’B’C’, and touches 
the inscribed circle of A’B’C’. That is, the last-named cirele touches 
the four “ circumcircles ” of the triangle A BC.] 


CHAPTER V. 


REPRESENTATIONS OF NON-EUCLIDEAN GEOMETRY 
IN EUCLIDEAN SPACE. 


1. The problem of Representation is one that faces us 
whenever we try to realise the figures of non-euclidean 
geometry. There already exists in the mind, whether 
intuitively or as the result of experience, a more or less clear 
idea of euclidean geometry. This geometry has from time 
immemorial been applied to the space in which we live; 
and now, when it is pointed out to us that there are other 
conceivable systems of geometry, each as self-consistent 
as Buclid’s, it is a matter of the greatest difficulty to 
conjure up a picture of space endowed with non-euclidean 
properties. The image of euclidean space constantly 
presents itself and suggests as the easiest solution of the 
difficulty a representation of non-euclidean geometry by 
the figures of euclidean geometry. Thus, upon a sheet of 
paper, which is for us the rough model of a euclidean plane, 
we draw figures to represent the entities of non-euclidean 
geometry. Sometimes we represent the non-euclidean 
straight lines by straight lines and sometimes by curves, 
according as the idea of straightness or that of shape happens 
to be uppermost in the mind. But we must never forget 
that the figures that we are constructing are only repre- 
sentations, and that the non-euclidean straight line is 
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every bit as straight as its euclidean counterpart. The 
problem of representing non-euclidean geometry on the 
euclidean plane is exactly analogous to that of map- 
projection. 


Projective Representation. 

2. The fact that a straight line can be represented by an 
equation of the first degree enables us to represent non- 
euclidean straight lines by straight lines on the euclidean 
plane. Distances and angles will not, however, be truly ἢ 
represented, and we must find the functions of the euclidean 
distances and angles which give the actual distances and 
angles of non-euclidean geometry. 


3. The absolute is represented by a conic. In hyperbolic 
geometry this conic is real, in elliptic geometry it is wholly 
imaginary, but in every case the polar of a real point is 
a real line. The conic always has a real equation. In 
the case in which the absolute is a real conic, we could, 
if we like, represent it by a circle, but except in special 
cases this does not give any gain in simplicity. 

Two lines whose point of intersection is on the absolute 
are parallel; two lines whose point of intersection lies 
outside the absolute are non-intersectors. The points 
outside the absolute have to be regarded as ultra-infinite, 
and are called ideal points. They are distinguished from 
other imaginary points by the fact that, while their actual 
coordinates are all imaginary, the ratios of their coordinates 
are real. In the present representation they are repre- 

* In the sense of map-projections ; i.e. angles which are equal in the 
euclidean representation, when measured by euclidean standards, 


do not in general represent equal angles in the non-euclidean geometry, 
but, again in the sense of map-projections, figures are distorted. 
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sented by real points; other imaginary points are repre- 

sented by imaginary points. (Cf. Chap. IV. §8.) 
A real line has two points at infinity, and part of the line 

lies in the ideal region. A line which touches the absolute 


Ideal potnts 


Absolut? 
Fic, 86. 


has one point at infinity, and all the rest of the line is ideal. 
A line which lies outside the absolute is wholly ideal. . 

Through any point two parallels can be drawn to a given 
line, viz. the points joining the given point to the two 
points at infinity on the given line. A triangle which has 
its three vertices on the absolute has a constant area. 

In elliptic geometry the absolute is imaginary, and there 
are no ideal points. 


4. Euclidean geometry. ταν τ 
such eometry is a limiting case, where pace- 
cas The coordinates of a point become the 
usual rectangular coordinates ὦ and y with z=1. The 
equation of the absolute becomes in point-coordinates 
z=0, and in line-coordinates £? +1? =0, i.e. the absolute 
degenerates as a locus to a straight line counted twice— 
the straight line at infinity, and as an envelope to two 
imaginary pencils of lines, £+%=0 and ¢—%i=0, whose 
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vertices lie on the line at infinity since the line-coordinates 
of their join are £=0, y=0, ¢= and its equation is 
therefore z=0. The equations of the lines of these ima- 
ginary pencils are of the forms x + ἐμ +-cz =0, « -- wy  ος τεῦ, 
The formula for the distance between two points, 
COB ee ἑκα, Η͂ΗΒΕΝ 
Ko Sat + y? + RP δ το fee? 


oP ΤῊ l Ι a+ 
becomes 1 5 ya = (we +yy' +38). (1-5-© ‘Z| 


=} 5. Ὁ Ρε τον 
2 ke 
or | = (xe --αὐ)ῷὸ +(y - Ὁ}. 


5. The circular points. 
The equation of a circle becomes of the general form 
οὐ +4" +2 (ax +by + οὐ) =0, 

and this represents a conic passing through the points of 
intersection of the line z=0 with the pair of imaginary 
lines x +ty =0 and « ~iy =0, i.e. every circle passes through 
the vertices of the imaginary pencils, For this reason 
these two points are called the cireuar points. This pro- 
perty of the circle is the equivalent of the property that 
it has double contact with the absolute. (Chap. IV. § 16.) 


6. Now, in ordinary geometry the angle between two lines 
can be expressed in terms of the two lines joining their 
point of intersection to the circular points,’ 


ἐν erre, “ Note sur la théorie des foyers,” 
Paris, 12 (1853). oe corie des foyers,” Nouv, Ann. Math,, 
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Let the equations of the two lines u, wu’ through the 
origin be y= tan 0, y=« tan θ΄, and denote the two lines 
joining O to the circular points by @, ’; their equa- 
tions are y=iz, y=—tz. The cross-ratio of the pencil 
(ua, wo’) 18 tan -i, tan 6-1 

tan 0+7° tan +7 
i-tan@ icos@—sin@ cosO+isinO _ sig 
i+tan@ icos@+sin@ cos@-7zsind 
Therefore (μ΄, ww’) τε οὐ (δῦ) 


Now 


and p=0' -0 =} log (μμ!, cow"), 


i.e. the angle between two Vines is a certain multiple of the 
logarithm of the cross-ratio of the pencil formed by the two 
lines and the lines joining their point of intersection to the 
circular pownts. 


7. Now let us return to the case where the absolute is 
a real conic 2? +y? —Kz=0. Consider two points P(a, y, 2), 
P'(x’, γ΄, τ). The point (w+Aa’, y+Ay’, 2+Az’) lies on 
their join. If this point is on the absolute, 

(x τλα + (y ἐλη}} — (z+ Az’ P =0, 
1.€. λξία + y'? — kez!®) +20 (aa’ + yy’ — Kz2") 
+ (a? +4? — 152) =0. 

Let λιν, A» be the roots of this quadratic. The line PP” 
cuts the absolute in the two points X, Y, corresponding to 
these parameters, and the cross-ratio of the range 

(ΡΡ', XY) =m. 
2 
Let (PP) =d =k, and 
g? ει} -- βηβτενβ, οὐ" - βεϑτεγ,; 
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then the quadratic for \ becomes 
Ay"? + 2Ar7r’ cos ᾧ +77 =0; 
whence )y, A,=(-cos ¢+¥ -- βίη φ)}}γ' = —e*r/r', 
Therefore /A,=e"** and g=4¢log(PP’, XY). 
Therefore d=\ik log (PP’, XY), 


i.e. the distance between two points is a certain multiple of 


the logarithm of the cross-ratio of the range formed by the two 
points and the two points in which their join cuts the absolute. 

In a similar way it can be shown that the angle between 
two straight lines is a certain multiple of the logarithm of the 
cross-ratio of the pencil formed by the two lines and the two 
tangents from their point of intersection to the absolute. 

If the unit angle is such that the angle between two lines 
which are conjugate with regard to the absolute is $7, then 


Φ = it log (pp’, ay). 


8. By this representation the whole of metrical geometry 
is reduced to projective geometry, for cross-ratios are 
unaltered by projection. Any projective transformation 
which leaves the absolute unaltered will therefore leave 
distances and angles unaltered. Such transformations are 
called congruent transformations and form the most general 
motions of rigid bodies. 

This projective metric is associated with the name of 
CayYLey,’ who invented the term Absolute. He was the 

1“ A sixth memoir upon quantics," London Phil. Trans. R. Soc., 149 
(1859). Cayley wrote a number of papers dealing specially with non- 
euclidean geometry, but although he must be regarded as one of the 
epoch-makers, he never quite arrived at a just appreciation of the science. 
In his mind non-euclidean geometry scarcely attained to an independent 
existence, but was always either the geometry upon a certain class of 


curved surfaces, like spherical geometry, or a mode of representation 
of certain projective relations in euclidean geometry. 
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first to develop the theory of the absolute, though only as 
a geometrical representation of the algebra of quantics. 
Ker * introduced the logarithmic expressions and showed 
the connection between Cayley’s theory and Lobachevsky’s 
geometry.* 


9. As an example of a projective solution of a metrical problem, 
let us find the middle points of a segment PQ. Let PQ cut the 
absolute in X, Y, and let M,, M, be the double points of the involu- 
tion (PQ, XY). Then (X YPM,)A(YAQM,) A(X YM,Q); therefore 
dist. (PM,)=dist.(M,Q). M,, M, are therefore the middle points 
of the segment (PQ). 


Fie, 87, 


Since M,, M, are harmonic conjugates with respect to X, Y and 
also with respect to P, Q, the construction is therefore as follows. 


1“ Uber die sogenannte Nicht-Euklidische Geometrie,” Math. Ann., 
4 (1871), 6 (1873). 

3 Since the definition of the cross-ratio of a range is the same in non- 
euclidean geometry, the logarithmic expressions for distance and angle 
hold not only in the euclidean representation of the geometry, but also 
in the echial acavenelidon geometry itself, 


160 CONCRETE REPRESENTATIONS [v. 10 


Join O, the pole of PQ, to P and Q, cutting the absolute in 4A’, BB’. 
AB’, A’B intersect in M, and AB, A'B’ in M,. For by this con- 
struction ΟΝ, M, is a self-conjugate triangle and M,, M, are harmonic 
conjugates with respect to X, Y, and also with respect to P, Q. 


10. Classification of geometries with projective 
metric. 

Having arrived at the result that metrical plane geometry 
is projective geometry in relation to an absolute conic, 
distances and angles being determined by the projective 
expressions 

dist. (PQ) =K log (XY, PQ), angle (pq) =k log (xy, 79), 
we may reverse the process, and define distances and angles 
by these expressions. We thus get a general system of 
geometry which will include euclidean, hyperbolic and 
elliptic geometries as special cases. The nature of the 
geometry will be determined when the absolute conic is 
fixed, and the values of the constants K and k& have been 
determined, Generally speaking, the values of these 
constants depend only on the units of distance and angle 
which are selected, but there is an essential distinction 
according as the constants are real, imaginary or infinite, 
There is no distinction, for example, between the cases 
corresponding to different real values of K. This simply 
corresponds to a different choice of the arbitrary unit of 
length ; just as in angular measurement the constant / may 
be chosen so that the measure of a right angle may be 


a or 180 or any other number. As each of the constants 


may conceivably be real, infinite or imaginary, there are 
nine species of plane geometry. 
The points of the absolute are at an infinite distance 
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from all other points, and the tangents to the absolute 
make an infinite angle with all other lines. 

If the measure of angle is to be the same as in ordinary 
geometry, the tangents from a real point to the absolute 
must be imaginary ; the cross-ratio (pq, xy) will be imagi- 
nary, and ἢ must be purely imaginary. When p, q are 
conjugate with regard to the absolute they are at right 
angles, and if the unit angle is such that the angle in this 


case 18. Ὁ τ then ἢ τ δὴ 


Then on are three cases according as the absolute is a 
real proper conic (hyperbolic geometry, K real), an ima- 
ginary conic (elliptic geometry, K imaginary), or degenerate 
to two coincident lines and two imaginary points (parabolic 
or euclidean geometry, K infinite). 


11. In the last case there is a difficulty in determin- 
ing the distance. Since X, Y coincide, the cross-ratio 
(PQ, XY) is zero and K must be infinite; but the dis- 
tance becomes now indeterminate, 

Suppose PY =PX +e, where ε is small. 

: PX QX+e_ Ε ΠΥ Ν ὙΞ 

Then (PQ, XY) =r py e.-(1+gx)(1+p 7) 

2 A (gx- - py) 
neglecting squares and higher powers of e, 
1 
and (PQ) = K log (PQ. XY) =Ke( oy - py): 

Let Koo and «—>0 in such a way that Ke—a finite 
limit Δ. PQ 

Then (PQ) =) PX.OX’ 


N.-E. G. L 
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Now, to fix ἃ we must choose a point # such that | 
(PE) =1, the unit distance. | 


PX.BX PQ XE XQ 


If we measure distances from P =0 as origin, | 


(00) =(X0, EQ) =(02 , Q1)-0% + 22 | 


01 * 1’ | 
which agrees with the expression in euclidean geometry, | 


since od =], and 01=1. 
co ] 


This case differs in one marked respect: from the case of 
elliptic geometry. In that system there is a natural unit 
of length, which may be taken as the length of the complete 
straight line—the period, in fact, of linear measurement ; 
just as in ordinary angular measurement there is a natural 
unit of angle, the complete revolution. In euclidean 
geometry, however, the unit of length has to be chosen 
conventionally, the natural unit having become infinite. 


12, The other geometries, in which the measure of angle is either 
hyperbolic or parabolic, are of a somewhat bizarre nature, 

For example, if the absolute degenerates to two imaginary lines 
ω, w’, and two coincident points {2, the case is just the reciprocal 
of the euclidean case; linear measurement is elliptic, K being 
imaginary, and angular measurement is parabolic, / being infinite. 
In this geometry the straight line is of finite length =wKi. If the 
positive direction along any one line is defined, the positive directions 
along all other lines in a plane are determined, for this is determined 
by the sense of rotation about the point 2. The sides of a triangle . 
are defined as the segments which subtend the opposite angles | 
which do not contain {, just as in euclidean geometry the angles 
of a triangle are defined as the angles which are subtended by the | 
opposite segments which do not cut the line at infinity. . 

Thus the sides of the triangle ABC in the figure (Fig. 88) are 
“represented by the heavy lines. If the positive direction on each 
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rotation about 2, then 

a+b4+4c=the length of the complete line, 
i.e. the perimeter of a triangle is constant and =7 Ki. 


Fg, 88, 


18. Extension to three dimensions. 

In three dimensions the absolute is a quadric surface. 
If the measures of angle between lines and between planes 
are to be elliptic, the tangent planes through an actual line 
must be imaginary, and the tangents through an actual 
point in an actual plane must be imaginary. 

(1) Let the quadric be real. If the quadric has real 
generators, 1.6. if it is a ruled quadric, every plane cuts it 
in a real conic, for it cuts all the generators in real points. 
Actual points must lie within the section and actual lines 
must cut the surface. But the tangent planes passing 
through a line which cuts a ruled quadric are real, and so 
the measure of dihedral angles would be hyperbolic. The 
quadric cannot therefore be ruled. 

Through a line which does not cut a non-ruled quadric 
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two real tangent planes pass ; hence actual lines, and there- 
fore planes, must cut the surface, and actual points are 
within the surface.” This gives hyperbolic geometry. The 
absolute could be represented by a real sphere. All points 
outside the sphere are ideal points. 

(2) Let the quadric be imaginary. The measure of 
distance is also elliptic, and the geometry is elliptic. 

(3) Let the quadric degenerate. If the quadric degene- 
rates to a cone, necessarily with real vertex, the measure 
of dihedral angle must be parabolic. If the quadric 
degenerates to two planes, unless the planes coincide they 
will have a real line of intersection and the measure of 
plane angle must be parabolic. Hence the quadrie must 
degenerate to two coincident planes. 

A quadric which reduces, as a locus, to two coincident 
planes, reduces as an envelope to a conic lying 1 in this plane. 
If the measure of angle is elliptic this conic must be ima- 
ginary. This is the case of euclidean geometry. The 
absolute consists of an imaginary conic in the plane at 
infinity. Any quadrie which passes through this conic is 
cut by every plane in a conic which passes through the 
two absolute, or circular, points in this plane, i.e. every 
plane section 18 a circle, and the quadric is a sphere. The 
imaginary conic itself must be regarded as a circle since 
it is the plane section of a sphere. This is the imaginary 
circle at infinity. 

14, Other three-dimensional geometries can be constructed in 
which the measure of plane or dihedral angle is hyperbolic or para- 
bolic, but they are not of much interest, as they resemble ordinary 
geometry too slightly. 

One application of these bizarre geometries may be given. It is 


obvious that in euclidean space the geometry on the plane at infinity 
is elliptic, since the absolute consists of the imaginary circle in this 


v. 15] GEODESIC REPRESENTATION 165 


plane, and it follows, as we have already seen, that the geometry 
of complete straight lines through a point is elliptic, the geometry 
of rays, or of points on a sphere, being of course the spherical or 
antipodal variety. 

Now consider three-cimensional hyperbolic space. A tangent 
plane to the absolute cuts the absolute in a degenerate conic con- 
sisting of two imaginary straight lines and two coincident points 22; 
hence the geometry on such a plane is the reciprocal of euclidean, 
i.e. the measure of distance is elliptic, while angular measurement is 
parabolic. Now, the polar of a point (or line) on this plane is a 
plane (or line) passing through 2. Hence, by this second reciproca- 
tion, we find that the geometry of a bundle of parallel lines and planes 
is euclidean, and if we cut the system by the surface (horosphere) 
which cuts each line and plane orthogonally, we find that the geometry 
on the horosphere is euclidean. 


Geodesic Representation. 


15. It has been seen that the trigonometrical formulae 
of elliptic geometry with constant / are exactly the same 
as those of spherical trigonometry on a sphere of radius 4, 
and therefore elliptic geometry can be truly represented on 
a sphere, straight lines being represented by great circles, 
and antipodal points being regarded as identical, Within 
a limited region of the sphere which contains no pair of 
antipodal points, the geometry is exactly the same as 
elliptic geometry. We do not require, as in Cayley’s 
representation, to obtain a distance- or angle-function ; 
distances and angles are represented by the actual distances 
and angles on the sphere. 

The corresponding representation for hyperbolic geometry 
appears at first sight to be imaginary, since hyperbolic 
geometry is the same as the geometry upon a sphere of 
purely imaginary radius. It is possible, however, to obtain 
a real representation of this kind, thongh confined to a 
limited portion of the hyperbolic plane. 
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16. Geometry upon a curved surface. 

We must first understand what we mean by the geometry 
upon a surface which is not, like the sphere, uniform. The 
straight line joining two given points has the property that 
the distance measured along it is less than that measured 
along any other line joining the same two points. This 
is the property which we shall retain upon the surface. 
A curve lying on a surface and having this minimum 
property is called a geodesic. The geodesics of a sphere are 
all great circles. Now, if a surface can be bent in any way, 
without stretching, creasing or tearing, geodesics will 
remain geodesics, lengths of lines and magnitudes of angles 
will remain unaltered, and the geometry on the surface 
remains precisely the same. Two surfaces which can be 
transformed into one another in this way are called appli- 
cable surfaces. 

If, for example, a plane is bent into the form of a cylinder, 
the geometry, at least of a limited region, will be unaltered. 
The same holds for any surface which can be laid flat or 
developed on the plane. 

The sphere is a surface which cannot be developed on the 
plane, and it possesses a geometry of its own. A complete 
sphere cannot in fact be bent at all without either stretching 
or kinking, but a limited portion of it can be bent into 
different shapes without altering the character of the 
geometry. 


17. Measure of curvature. 

Now the sphere and the plane possess this property in 
common, that congruent figures, e.g. triangles with equal 
corresponding sides and angles, can be constructed in any 
positions on the surface, or, to use the language of kine- 
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matics, a rigid figure is freely movable on the surface. τ 
follows that the surface is applicable to itself at all its 
points. This property is expressed analytically by saying 
that there is a certain quantity, called the measure of 
curvature, which is the same at all points of the surface and 
is not altered by bending. | 

To see what this invariant quantity is, consider any plane 
section of a surface passing through a tangent line OT 
at O: the section is a curve having this line as tangent 
at 0. The more obliquely the plane cuts the surface the 
sharper is the curvature of the section, until, when the plane 
touches the surface at O, the section is just a point.’ The 
section of least curvature occurs when the plane 1s per- 
pendicular to the tangent plane, or passes through the 
normal to the surface. 

Again, if we revolve the cutting plane about the normal, 
the curvature of the section will vary continuously and 
have a maximum and a minimum value. These occur for 
sections at right angles, and are called the principal curva- 
tures of the surface at O. The curvature of a curve at a 
point O being defined as the reciprocal of the radius of the 
circle of closest fit to the curve at Ὁ, the product of 
the principal curvatures at O, denoted by M, is called the 
measure of curvature of the surface at Ὁ. If the two curva- 
tures are in the same sense M is positive, if in opposite 
senses M is negative; if one is zero, as in the case of a 
cylinder or any developable surface, M is zero. For a 
sphere of radius k, M is the same at all points and =1/k*. 


\'This holds for a convex surface like a sphere. In the general case 
the section of a surface by a tangent plane is a curve which has a soap 
at the point of contact, with real or imaginary tangents. In the case 
a surface of the second degree the section consists of two straight lines, 
real or imaginary. In the text we are considering the case of a node 
with imaginary tangents, which appears just as a point. 
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18. Surfaces of constant curvature. 

Gauss, who founded the differential geometry of surfaces, 
as well as being almost the discoverer of non-euclidean 
geometry, discovered the beautiful theorem! that when 
a surface ts bent in any way without stretching or kinking, 
the measure of curvature at every pont remains unaltered. 
It follows, then, that the only surfaces upon which free 
mobility is possible are those which are applicable upon 
themselves in all positions, and therefore for which M has 
the same value at all points, 

There are three kinds of surfaces of constant curvature, 
(1) those of constant positive curvature, of which the 
sphere is a type; (2) those of constant negative curvature, 
saddle-backed at all points like a “ diabolo” : (3) those of 
zero curvature, the plane and all developables. 


19. The pseudosphere. 

Fortunately, we do not require to take an imaginary 
sphere as the type of surfaces of constant negative curva- 
ture. There are different forms of such surfaces, even of 
revolution, but the simplest is the surface called the 
Pseudosphere, which is formed by revolving a tractrix about 
its asymptote, 

The tractrix is connected with the simpler curve, the 
catenary, which is the form in which a uniform chain 
hangs under gravity. The equation of the catenary referred 
to the axes Ox, Oy is y=kcosh τ: It has the property 
that the distance of the foot of the ordinate N from the 
tangent at Q is constant and equal to k, while ΟΡ =the 


ΡΥ { > uss, Dis quisitiones generales circa superfic 168 cured, Gottingen, 
8: § 
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are AY. It follows then that if a string AQ is unwound 
from the curve, its extremity will describe a curve AP with 
the property that the length of the tangent PN is constant 
and equal to ἢ, This curve is the Tractrix. Oz is an 


asymptote. Now, if the tractrix is revolved about the 
asymptote we get a surface of revolution whose principal 


Fite. 89. 


sections at P are the meridian section in which the tractrix 
lies, and a section through the normal PT at right angles 
to the plane of the curve. The radii of curvature of these 
sections are respectively PQ and P7, and we have 
PQ. PT =PN* =F, but since the curvatures are in opposite 
senses, the measure of curvature = — 1/h?. 

The pseudosphere, therefore, gives a real surface upon 
which hyperbolic geometry is verified—within a limited 
region. The surface does not, of course, represent the 
whole of the hyperbolic plane, for it has only a single point 
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at infinity. The meridian curves are geodesics passing 
through this point at infinity, and therefore represent 
a system of parallel lines. So the surface only corresponds 


Fig. 90. 


to a portion of the hyperbolic plane bounded by two parallel 
lines and an arc of a horocycle.? 


20. The Cayley-Klein representation as a projection. 

Through the medium of the geodesic representation we 
can now get a geometrical interpretation of the Cayley- 
Klein representation. If we project a sphere centrally, 
great circles are projected into straight lines, since their 
planes pass through the centre of projection. Hence the 
Cayley-Klein representation of elliptic geometry can be 
regarded as the central or gnomonic projection of the 
geometry on a sphere. 

The equations of transformation are easily found. 

1The intrinsic equation of the tractrix is e=k log cosee ¥, and since 
y=ksin y we have y=ke-"*, The ratio of the corresponding ares of 


two horocyoles (sections | to the axis) is therefore e'-"!*, which agrees 
with the expression we have already found (Chap. IL. § 26). 


ν. 31] CENTRAL PROJECTION 171 


Let the plane of projection be chosen for convenience 
as the tangent plane at O, and take rectangular axes, Oz 
through the centre of the sphere S, and Ow, Oy in the plane 


Fic. 91. 


of projection. Let the coordinates of P, any point on the 
sphere, be (a, ἡ, 2) and the coordinates of its projection P’ 
be (a, γ΄, 0). Then a®+y?+(2-hkP =P, 

Ψῳ yf OF OS k 


a y ON OS-NP ἢ 


21, Meaning of Weierstrass’ coordinates. 

Let u, v, w be the angles which SP makes with the planes 
yz, 20 and zy; u,v, w can be regarded as coordinates on the 
sphere, and 

g=ksinw, y=ksinv, z-k=ksinw. 
Then ksin vu, ksinv and sinw are Weierstrass’ coordi- 
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nates, denoted by X, Y, Z, and connected by the relation 
A? + Y?+K*Z*=k*. In terms of the spatial coordinates 
of P, X=2, Y=y, kZ=z-k. 

We see thus that Weierstrass’ coordinates are pro- 
portional to the sines of the distances of P from the sides 
of a self-polar triangle, and are therefore analogous to 
trilinear coordinates, 

Dually, the line-coordinates of a line are defined as pro- 
portional to the sines of the distances of the line from the 
vertices of the fundamental triangle. We may also define 
the point-coordinates as proportional to the cosines of 
the distances from the vertices, and the line-coordinates 


as proportional to the cosines of the angles which the 


line makes with the sides of the triangle. In the three- 
dimensional representation the point-coordinates are the 
direction-sines of the point referred to rectangular axes. 


Conformal Representation. 

22. Stereographic projection. 

There is another very useful projection of a sphere, the 
stereographic projection. In this ease the centre of pro- 
jection is taken on the surface. 

Let S be the centre of projection, and C the centre of the 
sphere of radius k. Take the plane of projection perpendi- 
cular to SC, and at distance SO=d. Choose rectangular 
axes with OS as axis of z. Let the coordinates of P, any 
point on the sphere, be (x, ἡ, z), and the coordinates of its 
projection P’ be (2, y’, 0). Then, since SPA is a right 
angle =SOP’, SP.SP'’=SA . 50 =2kd. 

The formulae of transformation are : 

TY OF SF ἃ 2hd xt ει (3 


Φν ΟΝ SP ἀπε o+y+(-dp Wd ᾿ 
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If the plane of projection is chosen to pass through C, 
and the zy plane of P is the tangent plane at S,d=k, and 
the formulae become : 


A plane αα +by +cz+d=0 becomes 
2k*(aa’ + by’ + ck) +d(a’* + y"* + k*) =0, 
which represents a circle. Hence all circles on the sphere 
are represented by circles. 
Consider two planes 
le+my+nz=nk, Va+m'y+n'z=wk 


through the centre, and cutting the sphere in great 
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circles. The angle between the great circles is equal to 
the angle between the planes, and is given bv 
cos θ =1l" +mm’ + nn’. 
The projections of the great circles are the circles 
2k? (ἴ +my + nk) — nk (xt + y? +k) =0, 

- _ ky km\? 2 | 
= ( 3) +(y- =) “oro 

The angle ¢ at which the circles cut is given by 

αἰἶΐ ἂν mm? ΒΘ ΚΒ ke 
7 (lag ll Yi ae le) VO 
G 7) 0 7) “at He ogy OOF: 

therefore cos ᾧ =Il' +mm' +nn’, 
i.e. the projections cut al the same angle as the great circles. 

Stereographic projection is three-dimensional inversion, 
for SP. SP’ =const., circles are changed into circles, and 
angles are unaltered. A small figure on the sphere will 
therefore be projected into a similarly shaped small figure 
on the plane, with corresponding angles all equal. For this 
reason the representation is called conformal, 

23. The orthogonal circle or absolute. 


_ A circle in the projection, which represents a straight line 
in the non-euclidean geometry, has for its equation 


n(x* +y?) -- 2k(le + my) — nk? =0, 
and this cuts at right angles the fixed circle 
a +? + f2 - 0, 


This circle, imaginary in elliptic geometry, real in hyper- 
bolie, is the projection of the absolute, which cuts all 
straight lines at right angles. | 
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94. Conformal representation. 

We shall now consider generally the problem of the 
conformal representation of the non-euclidean plane upon 
the euclidean plane, straight lines being represented by 
circles. We shall set aside stereographic projection 
entirely, as this assumes the geodesic representation on a 
sphere, and tréat the problem purely as a problem in 
correspondence. 

It may be shown directly that the circles which represent 
straight lines all cut a fixed circle orthogonally. For, if 
the circles 

a +y* +2gx + 2fy+c=0 
represent straight lines, they must have the property of 
being determined uniquely by two points. Hence the 
three coefficients g, f, ¢ must be connected by a fixed 
equation of the first degree, say 

2gq' +2ff' =e+e', 
but this is just the condition that the circle should cut 
orthogonally the fixed circle 
ao + 9? + 2q'x + 2f'y +0 =0. 

In elliptic geometry this circle is imaginary, in hyperbolic 
geometry it is real. If the fixed circle reduces to a point 
(the transition between a real and an imaginary circle), all 
the circles which represent straight lines pass through this 
fixed point. Now, if we invert the system with this point 
as centre, the circles become straight lines. Hence the 
straight lines of euclidean geometry can be represented by 
a system of circles passing through a fixed point. 


25. Point-pairs. 


This representation has a fault which we must try to 
correct. In non-euclidean geometry, hyperbolic or elliptic, 
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two straight lines intersect in only one point; but the 
circles which represent them intersect in a pair of points. 

In the representation of hyperbolic geometry the fixed 
circle is real, and two orthogonal circles may intersect in 
real, imaginary or coincident points, according as the 
straight lines which they represent are intersectors, non- 
intersectors or parallel. The pair of points which corre- 
spond to a single point are inverses with respect to the 
fixed circle. We must therefore consider pairs of points 
which are inverses with respect to the fixed circle as forming 
just one point. 

In the representation of spherical geometry, as distinct 
from elliptic geometry, the points of a pair will be con- 
sidered as distinct and constituting a pair of antipodal 
points. 

In the representation of euclidean geometry, one of the 
points of a pair is always the fixed point itself, 


26. Pencils of lines. Concentric circles. Ἢ 

To a pencil of lines through a point P corresponds a 
pencil of circles through the two points P,, P, which 
correspond to P. The radical axis of this system is itself 
a circle of the system, and is in no way distinguished from 
any other cirfle of the system. 

The representation of straight lines by circles is not 
necessarily a conformal one, nor is it by any means the only , 
possible conformal representation. If the representation 
is conformal we can show that when straight lines are 
represented by circles, circles also are represented by circles.’ 
For a system of concentric circles cut all the lines of a pencil 
with vertex P at right angles. They will therefore be 


* For the converse of this theorem, see Chap, VITI. § 2. Fig. 4. 
W.-E. G. M 


᾿ 
περ αν πὰ αὶ οὗ 


᾿ 


os. 7 2s 62 
a 
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represented by a system of curves cutting orthogonally a 
system of coaxal circles ; but this is also a system of coaxal 
circles, and has P,, P, as limiting points (Tig. 93). 

A circle is represented actually by a pair of circles; 
these are inverses with respect to the fixed circle, and are 
coaxal with the fixed circle. The two limiting points form 
its centre. 

Corresponding to a pencil of lines through an ideal 
point P, 2.e. a system of lines cutting a fixed line / at right 
angles, we have a system of circles cutting at right angles 
the fixed circle and the circle I’ which represents the fixed 
line (Fig. 94). But this is a coaxal system whose radical 
axis is the common chord of the fixed circle and the circle I’ ; 
its limiting points are the common points Q, and Q, of I 
and the fixed circle. The circles with centre P are equi- 
distant-curves, and are represented by a system of circles 
passing through V1, ρ.. 

Corresponding to a pencil of lines through a point at 


Fig. 95. 
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infinity P, 7.c. a system of parallel lines, we have a system 
of circles cutting the fixed circle orthogonally at a fixed point 
on it (Fig. 95). The horocycles, circles with centre P, are 
represented by circles touching the fixed circle at this 
point. 

27. The distance between two points. 

If ABC is a circle which represents a circle in non- 
euclidean geometry, and O is the point which represents 
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its centre, the radii are represented by arcs of circles through 
O cutting the given circle and the fixed circle orthogonally. 
The arcs OA, OB, OC, ... represent equal distances in non- 
euclidean geometry. We require then to find what 
function of the positions of the points O and A represents 
the distance between their corresponding points. 


28. Motions. 

In order to investigate this function we shall make use of 
the idea of motion. By a motion or displacement in the 
general sense is meant not a change in position of a single 
point or of any bounded figure, but a displacement of the 
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whole space, or, if we are dealing only with two dimensions, 
of the whole plane. A motion is a transformation which 
changes each point P uniquely into another point P’ in 
such a way that distances and angles are unchanged. It 
follows that straight lines remain straight lines, and the 
displacement is a particular case of a collineation (the general 
one-one point-transformation which changes straight lines 
into straight lines). Further, it will change circles into 
circles, and the fixed circle must remain fixed as a whole. 


We require therefore to find what is the sort of transforma- Ὁ 


tion of the euclidean plane which will change circles into 
circles and leave a fixed circle unaltered. 


The process of inversion with respect to a circle at once 
suggests itself, since this transformation leaves angles 
unaltered and changes circles into circles. Further, since 


Fia. 97, 


the fundamental circle must be unaltered as a whole, the 
circle of inversion must cut it orthogonally. Let us then 
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consider inversion in a circle which represents a straight 
line. 

In euclidean geometry, when the circle of imversion 
becomes a straight line, inversion reduces to reflexion in 
this line. Now any motion or displacement in euclidean 
geometry can. be reduced to a pair of reflexions in two suitably 
chosen lines. 

If AB is displaced to A’B’ (Fig. 97), first take MO the 
perpendicular bisector of AA’ ; the reflexion of 4B in MO 
is A’B,. Then take M’O the perpendicular bisector of 
B,B’, which passes through A’, and the reflexion of 4’B, 
is A'B'. Since OB=OB,=OB’, O lies also on the perpen- 
dicular bisector of BB’, and is in fact the centre of 
rotation for the given displacement. 


30. Complex numbers. 

We shall find now what is the most general transformation 
which changes circles into circles and the fundamental 
circle into itself. 

The equation of any circle is 

a® + y* τσ + 2fy +c=0. 

The procedure is greatly simplified by the introduction 
of complex numbers and the use of Argand’s diagram. 
Let z=2+iy, p=g+if, and write the conjugate complex 
numbers 2=x-iy, p=g-tf. Then the equation of the 
circle becomes 

ee eo ae i) | 000 νεν: (1) 
a lineo-linear expression in 2, 2. ‘Its centre is = —p, and 
the square of its radius is pp -- Ὁ. 
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31. Circular transformation, conformal and homo- 
graphic. 

Now it is proved in the theory of functions that any 
transformation of the form 

« =f(7), Ξ =f(2') 

is conformal, leaving angles unchanged. A real trans- 
formation of this form which leaves the form of the equation 
(1) unaltered, 7.c. which changes circles into circles, is one 
in which z, 2’ both occur only to the first power,! or 
az’ +B 5 ΕΒ 
yore ye +8 
where «, 8, y, ὃ are any complex numbers such that ad-By. 

By this transformation any complex number z is trans- 
formed into a complex number ζ΄, and the point (z, y) 
corresponding to z is transformed into the point (z’, y’) 
corresponding to σ΄. 

If 2, %, 24. %, are any four complex numbers which are 
transformed into 2,', Zs’, z;', z', and if we define the cross- 
ratio (422, % 24) 


f= 


ot 3. =9= ὅδ 
ζ) -ῶς Zy—% 
then (229; 25%) =(%'29', ZZ’). 
The transformation is therefore said to be homographic. 
Let 7, be the modulus, and @,, the amplitude of the 
complex number Ζ) -- 25, so that z,-z,=7,,e», then the 


cross-ratio (2,22, 2524) has modulus 718 i and amplitude 


O13 — O15 — Mog + Oo4 OF O13 + Oyo + Oo, + O,;- 


‘The only other type of real transformation having this property is 
that which differs only from this one by interchanging z and =. t 
this only differs from the former by a reflexion in the z-axis, z=2", 


z=2". 
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The cross-ratio is real only when its amplitude is a 
multiple of w, i.e. when the points corresponding to the 
four numbers z;, Zs, 28. % ate concyclic, and its value is 


shen meee (Fig. 98). 
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The transformation has to satisfy the further condition 
that it transforms the fundamental circle into itself. | 
It can be proved that if the fundamental circle is 
a2 +4?+K=0, or 2+K=0, the general form of the 
transformation is 
az — KB 
a= Be ie 
If the fundamental circle is ἡ τοῦ, or z=2, it can be proved 
that the general transformation is ᾿ 
az’ +b 
cz’ τὰ 
where a, b, c, d are real and ad=be. 


= 


32. Inversion. . . 
Consider now the equations of transformation of inversion 
in a circle cutting the fundamental circle orthogonally. 
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The equation of a circle cutting 22+K=0 orthogonally 
Is z2+pz+p2-K=0. 

Let C(-p) be the centre, P(z) and P’(z’) a pair of inverse 
points. 


A second inversion in the circle zz + qz+qz-K =0 gives 
, (K+ paz" - Κῳ - 4 
(p —q)2" +(K + pq) 
This will not hold when the circle of inversion is a straight 
line θ -- φ.. Here inversion becomes reflexion, and we have 
z=re®, g=reCr-9, 2 -εγρθ- 34). 


therefore z=Ze", 
This combined with an inversion gives 
ga ΞΡ ἘΚ ας 
+P 


Let φ- -Ψ, βε-εν, then e* = -e- = 5 Then, 


if p8 =a, the transformation becomes 
a2 - ΚΒ 
βε +a” 

Hence in either case the transformation is of this form. 
Hence the general displacement of a plane figure is equivalent 
to a pair of inversions ™m two circles which cut the fundamental 
circle orthogonally. 

33. Types of motions. 

In the general displacement there are always two points 
which are unaltered, for if z’=z we have the quadratic 
equation 


Fig. 90. 


Let the complex numbers represented by CP and CP’ 
bew, μ΄. Then 
t=—-pt+u, w2=—-p+w', 
Also, since uw, u’ have the same amplitude, and the 
prodiict of their moduli is equal to the square of the radius 


B2 +(a-—a)z+KB τεῦ. 
of the circle of inversion, 


If we substitute z= -- K/z’, the equation becomes 
82'2 +(a—a)2? +KB=0; 
therefore 2 is also a root. The two points are therefore 


uu’ =pp+K, 
Therefore (2+ p) (2' +p) -pp-K =0, 


= 22’ + pz + pz’ ~K =0, | inverses with regard to the fundamental circle, This 
4.€. ἘΞ — pz ἐκ | | point-pair corresponds to the centre of rotation in the 


Z+p ° general displacement. In hyperbolic geometry there are 
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three distinct types of displacement according as the 
centre of rotation is real, ideal, or at infinity. The first 
case 18. similar to ordinary rotation; the second case is 
motion of translation along a fixed line, and points not on 
this line describe equidistant-curves; in the third case 
all points describe ares of horocycles. 


34, The distance-function. 

We have now to find the expression for the distance 
between two points P, Q, te. the function of their co- 
ordinates or complex numbers (z,, 29), which remains 
invariant during a motion. 

The two points determine uniquely a circle cutting the 
fundamental circle orthogonally in X, Y. This circle 
represents the straight line joining PQ, and X, Y represent 
the points at infinity on this line. If the motion is one 
of translation along this line, the straight line as well as 
the fundamental circle are unaltered, and X, Y are fixed 
points. Let #, y be the complex numbers corresponding 
to X, Y; then the cross-ratio (z,z5, cy) remains constant. 
If we suppose, therefore, that for points on this line the 
distance (PQ) is a function of this cross-ratio, we can write 
(PQ) =/(a, 22). If P, Q, R are three points on the line, 
corresponding to the numbers z,, 2s, 2, this function has 
to satisfy the relation (PQ) +(QR)=(PR), or 


F(%» 29) +f@2: 59) =f, %)- 

This is a functional equation by which the form of the 
function is determined. Consider z as a parameter deter- 
mining the position of a point, and differentiate with regard 
toz,. Then, since 

| _%4-@ 2,- PX QY 
(422, a) =. =y 2-2 PY QX’ 


4 
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we have 
F's) Oe ἐς (py) “Sr τὸ BY ὃς 
Hence 
Pe #9) OX RY (PX RY), (PX ΟΥ̓) (rtm αν) 
f'(@s%) QY RX \PY RX/° \PY QX/ (ea, oy) 
ie. (%s 22) Γ΄ (δι, 29) =(%: 2) f(s 2) = Const. =p. 
Integrating, we find 
αι. 295) =p. log (2,22, vy) τῷ, 
and substituting in the functional equation we find C =0. 


eee 


Hence 
(PQ) =u log (222, 29) =n log (By: Hy) τα log (PQ. XY), 


(PQ, X Y) being the cross-ratio of the four points P,Q, X, Y 
on the circle, i.e. the cross-ratio of the pencil O(PQ, XY), 
where O is any point on the circle. 

In hyperbolic geometry K=—k*, and the fundamental 
circle ig real. The distance between two conjugate points 
is Jirk, and the cross-ratio (PQ, XY)=—-1. Then 


(PQ) --μέξ. 
Therefore μ =. 


35. The line-element. 

If, returning to the stereographic projection, we take the formulae 
in $22, we can find an expression for the line-element ds. We 
have, z, y, z being the coordinates of a point on the sphere, 

d# =da* + dip +d2. 

Expressing this in terms of 2’ and μ΄, we get 

_4RP (da"*+d y'*) 
“ (e't+y't+eP 
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In particular, if d=2k, so that the 3 jecti 
: : plane of projection is ὦ 
tangent plane at A (Fig. 92), we get keene 
ds= ΤΩΙ, ἐμεῦ fg 
Sit τὸ Jldac™ ἀν {1 dalel sy }, 

_86. There is a gain in simplicity when the fundamental 
circle is taken as a straight line, say the axis of z Then 
Straight lines are represented by circles with their centres 
on the axis of z, Pairs of points equidistant from the axis 


Kia. 100. 


of # represent the same point, and we 


; ᾿ ree may avoid deali 
with pairs of points by considering only J ie 


those points above 


" 
᾿ 
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the z-axis. A proper circle is represented by a circle lying 
entirely above the a-axis; a horocycle by a circle touching 
the z-axis; an equidistant-curve by the upper part of a 
circle cutting the a-axis together with the reflexion of the 
part which lies below the axis. 

Through three points A, B, C pass four circles, If 
A’, B’, C’ are the reflexions of A, B, C, the four circles are 
represented by ABC, A’BC, AB'C, ABC’. The last three 
are certainly equidistant-curves ; the first may be a proper 
circle, a horocycle or an equidistant-curve. 


37. Angle at which an equidistant-curve meets its 
axis. 


Fig. 100 shows that the two branches of an equidistant-curve cut 
at infinity at a finite angle, a fact that is not apparent in the Cayley- 


Fie, 101. 


Klein representation. Let APBQA (Fig. 101) be the equidistant- 
curve, A.B its axis, represented by the circle on AB as diameter, 
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and let C be the centre of the circle APB. Draw CX LAB meeting 


the two branches of the equidistant-curve and its axis in P,Q, M. 
Let PAQ=2a; then CAX =u, neue, Let d be the dis- 
tance of the equidistant-curve from its axis. | 
soc = oe, a straight line ; it cuts AB 
- φορείκᾳ | y on the line is represented by 


Hence d=k log(PM, X¥)=klog ΤῸ, also d=h log VX 


ΟΧ᾽ 
Now CX =41(PX-QX); 
theref, | _PX-QX 1 νι. ee 
ore tan a= Fs ee t) sinh © 


We can get a geometrical meaning for this result. Dra 
| | | | wPLLPN 
and PE |\|NE (Fig. 102). Then the equidistant- : 
parallel! and the axis all meet at infinity at E. | ie 


P 


N 


Fig. 102. 


The angle ΡῈ is then=a. 

Consider a chord PQ of the equidistant-curve: like a circle, the 
curve cuts the chord at equal angles. Keeping P fixed, let Q go to 
ead rhe rare parallel to NE, and makes a zero angle with 
it; hence the e between | nd t. is i 
ee. the curve and the axis is equal to the 

The explanation of the apparent contradiction shown in the 
Cayley-Klein representation, where the two branches of the equi- 
distant-curve form one continuous curve, lies in the fact that the 
angle between two lines becomes indeterminate when their point of 
intersection is on the absolute and at the same time one of the lines 
touches the absolute. If the first alone happens the angle is zero 
if the second the angle is infinite. . | 
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38, Extension to three dimensions. 

The conformal representation of non-euclidean geometry 
can be extended to three dimensions, planes being repre- 
sented by spheres cutting a fundamental sphere orthogon- 
ally, A proper sphere is represented by a sphere which does 
not cut the fundamental sphere, a horosphere by a sphere 
touching the fundamental sphere, and an equidistant- 
surface by a sphere cutting the fundamental sphere. 

A horocycle is represented by a circle touching the funda- 
mental sphere. The horocycles which lie on a horosphere 
all pass through the same point on the sphere, viz. the 
point of contact. This is exactly similar to the system of 
circles on a plane representing the straight lines of euclidean 
geometry, and thus we have another verification that 
the geometry on the horosphere is euclidean. 

This suggests that the three geometries can be repre- 
sented on the plane of any one of them by systems of 
circles cutting a fixed circle orthogonally. 


CHAPTER VI. 


“SPACE CURVATURE” AND THE PHILOSOPHICAL 
BEARING OF NON-EUCLIDEAN GEOMETRY. 


1. Four periods in the history of non-euclidean 
geometry. 

The projective and the geodesic representations of non- 
euclidean geometry have an important bearing on the 
history of the subject, for it was through these that Cayley 
and Riemann arrived independently at non-euchdean 
geometry. 

Klein has divided the history of non-euclidean geometry 
into three periods. The first period, which contains Gauss, 
LopacHEvsky and Botyat, is characterised by the syn- 
thetic method, and applies the methods of elementary 
geometry. The second period is related to the geodesic 
representation, and employs the methods of differential 
geometry. It begins with Rremann’s classical dissertation, 
and includes also the work of Hetmuorrz, Liz and 
BetTRAMI on the formula for the line-element. The 
third period is related to the projective representation, and 
applies the principles of pure projective geometry. It 
begins with CayLey, whose ideas were developed and put 
into relationship with non-euclidean geometry by KLEIN. 
To these a fourth period has now to be added, which is 
connected with no representation, but is concerned with the 


vt. 2] “QURVED SPACE” 198 


logical grounding of geometry upon sets of axioms. It is 
Kenta? φὰς Pascu, though we must go back to von 
Sraupt for the true beginnings. This period contains 
Hinpert and an Italian school represented by Peano and 
Prert: in America its chief representative is VEBLEN. 
It has led to the severe logical examination of the founda- 
tions of mathematics represented by the Principia Mathe- 
matica of RusseLL and WHITEHEAD. 


2. “Curved space.” 

If we attempt to extend the geodesic representation 
of non-euclidean geometry to space of three dimensions, 
we find ourselves at a loss, for the representation of plane 
geometry already requires three dimensions. It is quite 
a legitimate mathematical conception, however, to extend 
space to four dimensions. A limited portion of elliptic 
space of three dimensions could be represented on a portion 
of a “ hypersphere” in space of four dimensions, or the 
whole of elliptic space of three dimensions could be repre- 
sented completely on a hypersphere, with the understanding 
that a point in elliptic space is represented by a pair of 
antipodal points on the hypersphere. ta 

A hypersphere is a locus of constant curvature, cases 
a sphere is a surface of constant curvature. Analogy with 
the geometry of surfaces leads to the conception of the 
curvature of a three-dimensional locus in space of four 
dimensions, and just as the curvature of a surface can be 
determined at any point by intrinsic considerations, such 
as by measuring the angles of a geodesic triangle, so by 
similar measurements in the three-dimensional locus we 
could, without going outside that locus, obtain a notion of 


its curvature. 
NE, ἜΝ Ν 
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3. Application of differential geometry. 

This was the path traversed by Riemann in his cele- 
brated Dissertation. Space, he teaches us, is an example 
of a “ manifold” of three dimensions, distinguished from 
other manifolds by nature of its homogeneity and the 
possibility of measurement. Space is unbounded, but not 
necessarily infinite. Thereby he expresses the possibility 
that the straight line may be of finite length, though without 
end—a conception that was absent from the minds of any 
of his predecessors. The position of a point P can be 
determined by three numbers or coordinates, ας, y, 2; and 
if c+dax, y +dy, z+dz are the values of the coordinates for 
a neighbouring point Q, then the length of the small element 
of length PQ, =ds, must be expressed in terms of the 
increments dz, dy, dz. If the increments are all increased 
in the same ratio, ds will be increased in the same ratio, 
and if all the increments are changed in sign the value of ds 
will be unaltered. Hence ds must be an even root, square, 
fourth, etc., of a positive homogeneous function of dz, dy, dz 
of the second, fourth, ete., degree. The simplest: hypothesis 
is that ds* is a homogeneous function of dx, dy, dz of the 
second degree, or by proper choice of coordinates ds? =a 
homogeneous linear expression in dz, dy*, dz*. Wor 
example, with rectangular coordinates in ordinary space, 
ds* =da* + dy? + dz. 

By taking the analogy of Gauss’ formulae for the curva- 
ture of a surface, Riemann defines a certain function of the 
differentials as the measure of curvature of the manifold. 
In order that congruence of figures may be possible, it is 
necessary that the measure of curvature should be every- 
where the same ; but it may be positive or zero. (Riemann 
had no conception of Lobachevsky’s geometry, for which 
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the measure of curvature is negative.) He gives without 
proof the following expression for the line-element. If 
«a denotes the measure of curvature, then 


ds =./ Σ ἀπ (1 +1aXa*). 
(Cf. Chap. V.§35.) If & is what has already been called 
the space-constant, ἃ = 10, 


4. Free mobility of rigid bodies. 

About the same time that Riemann’s Dissertation was 
being published, Hermann von HeELMHoLTz (1821-1894) 
was conducting very similar investigations from the point 
of view of the general intuition of space, being incited 
thereto by his interest in the physiological problem of the 
localisation of objects in the field of vision. 

Helmholtz! starts from the idea of congruence, and, by 
assuming certain principles such as that of free mobility of 
rigid bodies, and monodromy, 1.6. that a body returns 
unchanged to its original position after rotation about an 
axis, he proves—what is arbitrary in Riemann’s investiga- 
tion—that the square of the line-element is a homogeneous 
function of the second degree in the differentials. 

That the form of the function which expresses the 
distance between two points is limited by the possibility 
of the existence of congruent figures in different positions 
is shown as follows. Suppose we have five points in space, 
A, B,C,D,E. The position of each point is determined by 
three coordinates, and connecting each pair of points there 
is a certain expression involving the coordinates, which 
corresponds to the distance between the two points, Let 


1“Ueber dic Thatsachen, die der Geometrie zum Grande liegen,” 
Géttinger Nachrichten, 1868. An abstract of this paper was published 
in 1566, 
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us try to construct a figure A’B’C'D'E’ with exactly the 
same distances between pairs of corresponding points as 
the figure ABCDE. A’ may be taken arbitrarily. Then 
B’ must lie on a certain surface, since its coordinates are 
connected by one equation. C’ has to satisfy two condi- 
tions, and therefore lies on some curve, and then D’ ts 
completely determined by its distances from A’, B’ and C’. 
Similarly 2’ will be completely determined by its distances 
from A’, B’ and C’, but we cannot now guarantee that 
the distance Π΄ Ε΄ will. be equal to DZ. The distance- 
function is thus limited by one condition. And with more 
than five points a still greater number of conditions must 
be satisfied.? 

It is customary to speak, as Helmholtz does, of the 
transformation of a figure into another congruent figure 
as a displacement of a single rigid figure from one position 
to another. This language often enables us to abbreviate 
our statements. 

Thus, employing this language, we may argue for the general case 
as follows. If there are x points, the figure has 3n degrees of freedom, 
and there are jn(n-—1) equations connecting the distances of pairs 
of points. But a rigid body has only 6 degrees of freedom ; therefore 
the number of equations determining the distance-function is 
hn(n -1)-3n+6=)(n —3)(n -- 4). 

But it is necessary to avoid here a dangerous confusion. 
Points in space are fixed objects and cannot be conceived 
as altering their positions. When we speak of a motion 
of a τρια figure we are thinking of material bodies. The 
assumption which Helmholtz makes, which is expressed 
by the phrase, the “free mobility of rigid bodies,” is thus 

1 This method was employed by J. M. de Tilly, Bruxelles, Mém. Acad. 


Υ 
Roy, (8vo collection), 47 (1893), to find the expression for the distance- 
function without using infinitesimals, 
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simply an assumption that there is such a thing as absolute 
space, 

While, psychologically, the idea of congruence may be 
based on the idea of rigid bodies, if it were really dependent 
upon the actual existence of rigid bodies it would have a 
very insecure foundation. Not only are the most solid 
bodies within our experience elastic and deformable, but 
modern researches in physics have given a high degree of 
probability to the conception that all bodies suffer a change 
in their dimensions when they are in motion relative to 
the aether. As all bodies, including our measuring rods, 
suffer equally in this distortion, however, we can never be 
conscious of it. 


5. Continuous groups of transformations. 

Helmholtz’s researches, though of great importance in 
the history of the foundations of geometry, lacked the 
thoroughness which we would have expected had the author 
been a mathematician by profession. 

The whole question was considered over again from a 
severely mathematical point of view by Sophus {πὸ 
(1842-1899), who reduced the idea of motions to trans- 
formations between systems of coordinates, and congruence 
to invariance under such transformations. The underlying 
idea is that of a group of transformations. 

Suppose we have a set of operations ἢ, S, T, ... such that 
(1) the operation R followed by the operation S is again 
an operation (denoted by the product RS) of the set, and 
(2) (RS) T =R(ST), then the set of operations is said to form 
a group. The operation, if it exists, which leaves the operand 

18, Lie, Theorie der Transformationsgruppen, vol, iii, (Leipzig, 1893), 


Abt, V. Kap, 20-24; and “ Uber die Grundlagen der Geometrie,” Leipziger 
Berichte, 42 (1890). 
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unaltered, is called the identical transformation, and is 
denoted by 1. 

Thus, if R, S, T are the operations of rotation about a 
fixed point through 1, 2 and 3 right angles, the operations 
1, Κα, 8, T form a group, and this is a sub-group of the 
group consisting of the 8 operations of rotation through 
nt 
re 

The transformations which Lie considers are infinitesimal 
transformations, and the groups are continuous groups, 
such as the group of all the rotations about a fixed point. 
All the transformations which change points into points, 
straight lines mto straight lines, and planes into planes 
form a continuous group which is called the general pro- 
jective group. 

The assumption from which Lie starts in his geometrical 
investigation is the “axiom of free mobility in the infini- 
tesimal ” : 

“ Tf, at least within a certain region, a point P and a line- 
element through P are fixed, continuous motion is still 
possible, but if, in addition, a plane-element through P is 
fixed, no motion is possible.” 

Starting then with the group of projective transforma- 
tions, he determines the character of the transformations 
so that this assumption may be verified, and he proves that 
they form a group which leaves unaltered either a non-ruled 
surface of the second degree (real or imaginary ellipsoid, 
hyperboloid of two sheets or elliptic paraboloid), or a plane 
and an imaginary conic lving on this plane. This invariant 
figure is just the Absolute, The motions of space, therefore, 
form a sub-group of the general projective group of point- 
transformations which leave the Absolute invariant. And 


every multiple of 
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so, without Helmholtz’s axiom of monodromy, but using 
a definite assumption of free mobility, Lie establishes that 
the only possible types of metrical geometry are the three 
in which the absolute is a real non-ruled quadric (hyperbolic 
geometry), an imaginary quadric (elliptic geometry), and 
a plane with an imaginary conic (euclidean geometry). 


6. Assumption of coordinates. 

There are several points on which the investigations of 
Riemann, Helmholtz and Lie admit of criticism. The 
outstanding difficulty which strikes one at once lies in the 
use of coordinates. How can we define the coordinates of 
a point before we have fixed the idea of congruence ? This 
question has been settled by an appeal to the famous 
procedure of von Sraupr (1798-1867), the founder of 
projective geometry. He has shown? how, by means of 
repeated application of the quadrilateral-construction for 
a harmonic range (see Chap. III. §5), numbers may be 
assigned to all the points of a line. This, and other 
questions involved, have now been solved by the modern 
procedure of Pasch, Hilbert and the Italian school repre- 
sented by Pieri. This procedure, which marks a return to 
the classical method of Euclid, consists in developing 
geometry as a purely logical system deduced from an 
appropriately chosen system of axioms or assumptions. 


7. Space-curvature and the fourth dimension. 

A misunderstanding, which is especially common among 
philosophers, has grown around Riemann’s use of the 
term “curvature.” Helmholtz, whose philosophical 


1G, K. Ch. v. Staudt, Geometrie der Lage, Niirnberg, 1847, and Beitrdge 
zur Geometrie der Lage, Niirnberg, 1856-57-60, — 
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writings? are much better known than his mathematical 
researches, has unfortunately contributed largely to this 
error, The use of the term “space-curvature” has led 
to the idea that non-euclidean geometry of three dimensions 
necessarily implies space of four dimensions, for curvature 
of space has no meaning except in relation to a fourth 
dimension. But when we assert that space has only three 
dimensions, we thereby deny that space has four dimensions. 
The geometry of this space of three dimensions, whether 
it is euclidean or non-euclidean, follows logically from 
certain assumed premises, one of which will certainly be 
equivalent to the statement that space has not more than 
three dimensions (cf. Chap. II. ὃ 14, footnote). The origin 
of the fallacy lies in the failure to recognise that the 
geometry on a curved surface is nothing but a representa- 
tion of the non-euclidean geometry. 

This is brought out still more clearly by the fact that, 
as non-euclidean geometry, elliptic or hyperbolic, can be 
represented on certain curved surfaces in euclidean space, 
the converse is also true, that euclidean geometry can be 
represented on certain curved surfaces in elliptic or hyper- 
bolic space ; and, of course, we do not consider the euclidean 
plane as being a curved surface. 

While, therefore, the conception of non-euclidean space 
of three dimensions in no way implies necessarily space- 
curvature or a fourth dimension, it is still an interesting 
speculation to suppose that we exist really in a space of 
four dimensions, but with our experience confined to a 
certain curved locus in this space, just as Helmholtz’s 
“ two-dimensional beings” were confined to the surface 

' H. v. Helmholtz, " The origin and meaning of geometrical axioms,” 


Mind, 1 (1876), 8 (1878); also in Popular Scientific Lectures (London, 
1881), vol. ii. 
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of a sphere in space of three dimensions, and acquired in 
this way the idea that their geometry is non-euclidean. 

W. K. Clifford! has gone further than this and imagined 
that the phenomena of electricity, etc., might be explained 
by periodic variations in the curvature of space. But we 
cannot now say that this three-dimensional universe in 
which we have our experience is space in the old sense, for 
space, as distinct from matter, consists of a changeless set 
of terms in changeless relations. There are two alternatives. 
We must either conceive that space is really of four dimen- 
sions and our universe is an extended sheet of matter 
existing in this space, the aether® if we like ; and then, 
just as a plane surface is to our three-dimensional intelli- 
gence a pure abstraction, so our whole universe will become 
an ideal abstraction existing only in a mind that perceives 
space of four dimensions—an argument which has been 
brought to the support of Bishop Berkeley !* Or, we must 
resist our innate tendencies to separate out space and 
bodies as distinct entities, and attempt to build up a 
monistic theory of the physical world in terms of a single 
set of entities, material points, conceived as altering their 
relations with time.* In either case it 15 not space that is 
altering its qualities, but matter which is changing 118 form 
or relations with time. 

1 The Common Sense of the Exact Sciences (London, 1885), chap. iv. 8.19, 


2(f. W. W. Rouse Ball, “ A hypothesis relating to the nature of the 
ether and gravity,” Messenger of ἢ ath., 21 (1891), ee 
= i entific Romances, First Series, p. ἃ ndon, 
1986), For pr ἡρδοξτου, ἀδας theories of physical phenomena 
see Hinton, The Fourth Dimension (London, 104). 
‘Cf, A. N. Whitehead, “ On mathematical concepts of the material 
world,” Phil. Trans., A 205 (1906). 
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8, Proof of the consistency of non-euclidean geometry. 

The characteristic feature of the second period in the 
history of non-euclidean geometry is brought out for the 
first time by Bevrrami! (1855-1900), who showed that 
Lobachevsky’s geometry is represented upon a surface of 
constant curvature. This is historically the first euclidean 
representation of non-euclidean geometry, and is of import- 
ance in providing a proof of the consistency of the non- 
euclidean systems. While the development of hyperbolic 
geometry in the hands of Lobachevsky and Bolyai Jed to 
no apparent internal contradiction, a doubt remained that 
inconsistencies might yet be discovered if the investigations 
were pushed far enough. This doubt was removed by 
Beltrami’s concrete representation by means of the pseudo- 
sphere, which reduced the consistency of non-euclidean 
geometry to depend upon that of euclidean geometry, 
which everyone admits to be self-consistent. 

Any concrete representation of non-euclidean geometry 
in euclidean space can be applied with the same object. 
In fact, the Cayley representation is more suitable for this 
purpose, since it affords an equally good representation of 
three-dimensional geometry. The advantage of Beltrami’s 
representation is that distances and angles are truly repre- 
sented, and the arbitrariness which may perhaps be felt 
in the logarithmic expressions for distances and angles 
is eliminated, 

At the present time no absolute test of consistency is 

+E. Beltrami, Saggio di interpretazione della geometria non-euclidea, 
Naples, 1868. Beltrami also showed that, since the equation of a geodesic 
in geodesic coordinates is linear, the surface ean be represented on a 
plane, geodesics being represented by straight lines, and real points being 


represented by points lying within a fixed circle. He thus gave the tran. 
sition from the geodesic to the projective representation of Cayley. 


— δ. 
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known to exist, and the only test which we can apply is to 
construct a concrete representation by means of a body 
of propositions whose consistency is universally granted. 
In the case of non-euclidean geometry the test which has 
just been applied suffices to prove the ‘tmpossibiltty: of 
demonstrating Euclid’s postulate. For, if Euclid’s postu- 
late could be mathematically or logically proved, this 
would establish an inconsistency in the non-euclidean 
systems ; but any such inconsistency would appear again 
in the concrete representation. The mathematical truth 
of the euclidean and the non-euclidean geometries is equally 
strong. 


9, Which is the true geometry ? | 
There being no @ prior means of deciding from the 
mathematical or logical side which of the three forms of 
geometry does in actual fact represent the true relations 
of things, three questions arise : | 
(1) Can the question of the true geometry be decided 
a posteriori, or experimentally ? 
(2) Can it be decided on philosophical grounds ? | 
(3) Is it, after all, a proper question to ask, one to which 
an answer can be expected ? 


10, Attempts to determine the sp ace-constant by 
astronomical measurements. . 

Let us consider what form of experiment we can contrive 
to determine, if possible, the geometrical character of 
space. Essentially it must consist in the measurements 
of distances and angles, the sort of triangulation which 1s 
employed to determine the figure of the earth, but on a 
prodigiously larger scale. If we could measure the angles 
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of some very large triangle, the difference between their 
sum and two right angles might give us the necessary data 
for determining the value of the space-constant. We do 
not say that such an experiment will give us the necessary 
data, for, as we shall see presently, the whole argument is 
destroyed by a vicious circle (§ 12); but let us assume, for 
the sake of illustrating the argument, that the experiment 
can he made, and see to what conclusions it leads. 

The largest triangles, whose vertices are all accessible 
and whose angles we can measure directly, are far too small 
to allow of any discrepancy being observed. We must 
turn to astronomy to provide us with triangles of a suitable 
size. The largest triangles, of which two vertices are 
accessible, are those determined by a star and the observer 
in two different positions, 

Let δ be a star and Εἰ. δῆς two positions of the earth at 
opposite ends of a diameter of its orbit, C the sun; and 


Fie. 1038. 


ἰοὺ CS LEE, The angle 2,SC, subtended by the earth’s 
“i R at the star, is called the parallax of the star: 
1owing this angle and applying euclidean tr 
δϑλἠπὸ με υεανν δρεώνον ὦ νι: 
There are two methods of determinin 7 
ning the angle #,SC. 
The first, or direct method, is to measure the angle SE,C by 


vi. 10] ASTRONOMICAL MEASUREMENTS ~— 205 
the transit circle. Then the parallax is, by assumption 
of euclidean geometry, the angle 3 ~SEC. The second 
method, that of Bessel, is to compare the position of the 
star S with those of neighbouring stars which, from their 
faintness and other considerations, are believed to be much 
farther away than S. Considering S’ as at infinity, and 
again assuming euclidean geometry, H,S’ || CS and the 
parallactic angle B,SC =S’E,S. 

But on the hypothesis that geometry is hyperbolic, these 
two methods will give different results, and the angle 
SE,C +8'E,S is in fact not equal to 5» but is the parallel- 
angle corresponding to the distance R. Let 20 be the small 


difference (7 - 3880) -S'B,S; then 


26 =5 - I1(R). 
Also 
e” + =tanJ1I(R) =tan(7 - 6) =(1 —tan 6)/(1 +tan 8) ; 
therefore 


ΕΠ =log, {(1 + tan @)/(1 -- tan 6)} =2 tan 0, approx. 
- Now we have records of the determination of the star 
«Centauri by both methods. An early measurement by 
the direct method yielded the value 1:14”, while Bessel’s 
method gives the value 0°'76"+0°01". Taking 20 therefore 
equal to 0°38”, we have tan 0 =92 x 10-%, and ἐπ = 550000 
approx. The direct method is not susceptible of very 
great accuracy, and the value 1:14” for the parallax is 
probably much too large, but even from these data, if we 
admit the soundness of our argument, we should be 
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warranted in stating that the space-constant must be at 
least half a million times the radius of the earth’s orbit. 

The data, so far as they go, seem to favour the hypothesis 
of hyperbolic geometry rather than that of elliptic, since 
the calculation Jeads to a real value for k. 

The hypothesis of elliptic geometry, however, leads to 
the result that a star would be visible in opposite directions 
unless there is some absorption of light in space. If we 
assume that the light from a star which is at a distance of 
bark (i.e. half the total length of the straight line in elliptic 
space) is so diminished by absorption that the star becomes 
invisible, then the parallax of the farthest visible stars, 
measured by the direct method, would, as on the euclidean 
hypothesis without absorption, be zero. And if the light 
is totally absorbed in a distance of say jak, the case would 
be similar to that on the hyperbolic hypothesis, or on the 
assumption of absorption in euclidean space. Thus, if 
we admit the hypothesis of absorption of light in free space, 
it becomes impossible to draw any definite conclusion as 
to the nature of actual space, except perhaps that the 
space-constant is very large. 

The direct appeal to experiment therefore leads only to 
the conclusion that the space-constant, if not infinite, must 
be very large compared with any of the usual units of 
length, and is very large in comparison with the distances 
which we have ordinarily to deal with. These experiments 
do not contradict euclidean geometry, but they only verify 
it within the limits of experimental error, No amount of 

* A complication, however, arises owing to the finite rate of propagation 
of light. The two images of the star seen in opposite directions will 
represent the star at different times, and in general therefore in different 
positions, so that, even if there were no absorption of light, the appearance 


of the sky would not necessarily be symmetrical, (Cf, W. B. Frankland, 
Math, Gazette, July 1913.) 
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experimental evidence of this kind can ever prove that the 
geometry of space is strictly euclidean, for there will always 
be a margin of error. On the other hand, so far as we have 
gone, it remains conceivable that further refinements in our 
instruments and more accurate information regarding the 
laws of absorption of light might enable us to establish an 
upper limit to the value of the space-constant, and thus 
demonstrate that the geometry of actual space is non- 
euclidean. 

11. Philosophy of space. 

This way of regarding experience as the source of our 
spatial ideas is in striking contrast to Kant’s attitude 
towards space, which is expressed by his dicta: that space 
is not an empirical concept derived from external experience, 
but a framework already existing in the mind without which 
no external phenomena would be possible.1 From the new 
point of view, geometry applied to actual space has become 
an experimental science, or a branch of applied mathe- 
matics. We are not forced to accept its axioms, but shall 
only do so when we find them convenient and in sufficiently 
close agreement with the facts of experience. Since Kant’s 
time the intuitive has become discredited. We now know 
that there are things which formerly appeared to be intuitive 
which are in fact false. Thus, it was formerly believed that 
every continuous function possessed a differential Co- 
efficient ; the proposition appeared, indeed, to be intuitive, 
But Weierstrass gave an example which showed that the 
belief was false. In the extreme empiricist view the 
parallel-postulate has to be ranked with the law of gravita- 
tion as a law of observation, which is verified within the 
limits of experimental error. 

ΕἼ, Kant, Critique of Pure Reason, chap. i. 
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As regards the second question, therefore, the powers 
of philosophy have been narrowly circumscribed by the 
stricture laid upon intuition. Obviously the fact that a 
coherent mental picture can be formed of euclidean space 
does not constitute a proof that this is the form of actual 
space, since the same thing applies to the non-euclidean 
systems. But the philosopher may say he has an intuition 
of euclidean space. What does this mean? Has he an 
intuition that the sum of the angles of a triangle is equal 
to two right angles? Does he perceive intuitively that 
two straight lines which are both perpendicular to a third 
remain equidistant? What intuitions or beliefs would 
the philosopher have had if he had been deprived of powers 
of locomotion and the sense of touch, and been provided 
with only one eye? He would believe, because his eve 
told him so, that two railway lines converge to a point, that 
objects change their shapes when they are moved about ; 
and he would perhaps demonstrate that the sum of the 
angles of a triangle is greater than two right angles. His 
intuitions are merely beliefs, and perhaps not even true 
Ones. 

We have really to distinguish between different kinds of 
space. The space of experience is brought to our knowledge 
through the senses principally of sight and touch, and is a 
composite of two spaces, “visual space” and “ tactual 
space.” Pure visual space, which is the limited field of 
our imaginary one-eyed sessile philosopher, is a crude 
elliptic two-dimensional space; the three-dimensional 
form of tactual space is conditioned probably in part by 
the semi-circular canals of the ear. From this composite 


1 Cf. Thomas Reid, An Inquiry into the Human Mind, Edinburgh, 1764, 
chap. vi. “ On Seeing,” § 9 “* Of the geometry of visibles,” 
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space, which is far from being the beautiful mathematical 
continuum which we have arrived at after generations of 
thought, we get by abstraction a conceptual space which is 
conditioned only by the laws of logic, but to which we find 
it convenient to ascribe the particular form which we call 
euclidean space, for the reason that this is the simplest of 
the logically possible forms which correspond with sufficient 
closeness to the space of experience. Whether there is, 
besides these, an intuitional space, we shall leave to philo- 
sophy to settle if it can. We may, perhaps, leave Kant in 
possession of an @ priori space as the framework of his 
external intuitions, but this space is amorphous, and only 
experience can lead us to a conception of its geometrical 
properties, 


12, The inextricable entanglement of space and 
matter. 

A further point—and this is the “ vicious circle ” of which 
we spoke above—arises in connection with the astronomical 
attempts to determine the nature of space. These experi- 
ments are based upon the received laws of astronomy and 
optics, which are themselves based upon the euclidean 
assumption. It might well happen, then, that a discre- 
pancy observed in the sum of the angles of a triangle could 
admit of an explanation by some modification of these laws, 
or that even the absence of any such discrepancy might 
still be compatible with the assumptions of non-euclidean 
geometry. 

“All measurement involves both physical and geometrical 
assumptions, and the two things, space and matter, are not given 
separately, but analysed out of a common experience. Subject 
to the general condition that space is to be changeless and matter 


to move about in space, we can explain the same observed results 
N.-E. ἢ. 0 
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in many different ways by making compensatory changes in 
the qualities that we assign to space and the qualities we assign 
to matter. Hence it seems theoretically impossible to decide by 
any experiment what are the qualities of one of them in distinction 
from the other.” 1 

It was on such grounds that Poincaré 3 maintained the 
essential impropriety of the question, ‘“ Which is the true 
geometry ?” In his view it is merely a matter of con- 
venience. Facts are and always will be most simply 
described on the euclidean hypothesis, but they can still 
be described on the non-euclidean hypothesis, with suitable 
modifications of the physical laws. To ask which is the 
true geometry is then just as unmeaning as to ask whether 
the old or the metric system is the true one. The con- 
clusion thus arrived at by Poincaré is quite akin to the 
modern doctrine in physics expressed by the Principle of 


Relativity. Just as, according to this doctrine, it is 


impossible by any means to obtain a knowledge of absolute 
motion, so, according to Poincaré, it is beyond our power 
to obtain a knowledge of absolute space. 

* Mr. C. D. Broad, with whom I have discussed this chapter, has put 
this point of view so well that I quote his words, 


* H. Poincaré, La science et Vhypothése (Paris, 1902), chap. v.; English 
translation by W. J. Greenstreet, London, 1905. 


CHAPTER VII. 


RADICAL AXES, HOMOTHETIC CENTRES AND 
SYSTEMS OF CIRCLES. 


1. Common points and tangents to two circles. 

Two circles intersect in four points and have four common 
tangents. Various cases arise according as these points 
and lines are coincident or imaginary in pairs. 

In hyperbolic geometry two equidistant-curves whose 
axes intersect have their common points and tangents 
all real. A proper circle which cuts both branches of an 
equidistant-curve has four real common tangents with it. 
If it cuts only one branch, two of the common points and 
two of the common tangents are imaginary. Two proper 
circles cannot have more than two of their common points 
real; their common tangents are then two real and two 
imaginary. If two proper circles do not intersect, their 
common tangents are all real or all imaginary. The case 
of four real common points and four imaginary common 
tangents cannot occur in hyperbolic geometry ; two real 
and two imaginary common points can only occur along 
with two real and two imaginary common tangents. 

In elliptic geometrv, if two circles intersect in two real 
and two imaginary points, they have two real and two 
imaginary common tangents. If each lies entirely outside 
the other, their common points are all imaginary and their 
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common tangents are all real. The absolute polars of two 
such circles have four real common points and their common 
tangents allimaginary. If one lies entirely within the other, 
their common points and tangents are all imaginary. The 
case of four real common points and four real common 
tangents cannot occur in elliptic geometry. 


2. The power of a point with respect to a circle. 
Let O bea fixed point in the plane of a proper circle with 
centre C and radius a. Through O draw any secant cutting 


Fie, 104. 


the circle in P, Q. Draw CNLOPQ. Let OC=d and 
COP =0, OP =r, OQ =r’, so that 
ON =3(r' +7), PN =}(7' -7). 

Now! cos d=cos CN cos {γ᾽ +r), 

cos a=cos CN cos }(7' -- γ). 
cos d _ cos dr +7) 1—tan Jr tan Jr". 
cosa cos 4(r’—r) 1+tan Jr tan }7’ 
therefore tan }r tan γ΄ =const. =tan }(d +a) tan ὁ (ὦ -- α). 


Therefore 


1 Elliptie geometry is taken as the standard case, and the space-con- 
stant & is n as the unit of length, 
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In hyperbolic geometry tan is replaced by ¢tanh. This 
product may be called the power of the point O with respect 
tothe circle. It is positive if O is outside, negative if O is 
inside the circle. In the former case, if ¢ is the length of 
the tangent from Ὁ to the circle, the power of Ὁ is equal 
to tan®}t. 


3. Power of a point with respect to an equidistant- 
curve. 

(1) Let the secant cut one branch of the curve in P, Ὁ, 
ie. in hyperbolic geometry the secant does not cut the 


Fre, 105, 


axis of the curve, in elliptic geometry neither of the 
finite segments OP, OQ cuts the axis. 

Let M be the middle point of PQ, and draw MN | the 
axis: then MN is also | PQ. Draw OH | the axis. Let 
ee ee MN =z, OP =r, OQ=r', so that OM =4(r' +7), 

Ξε ἡ (γ᾽ -- τὴ. 

he from the trirectangular quadrilaterals OHNM, 

PKNM, 


sin d =cos δ (γ΄ +r) sinv, sin a=cos ὁ (γ΄ -- 7) sing; 


sind _ cos }(7 +r) _1—tan }rtan jy’ 
inieasROrS sina cos 4(r’-r) 1+tan ἐν tan δ 


therefore tan Jr tan γ΄ =const. =tan }(a-d)/tan ὁ (ὁ +a). 


214 SYSTEMS OF CIRCLES 


(2) Let the secant cut both branches of the curve, ie. 
the point of intersection A with the axis is real and one 
of the segments OP, OQ cuts the axis. 


(vn. 3 


Vie. 106. 


Let OAN =0, ON =d, OP =r, OQ =r’, so that 
OA =4(r' +r), PA =r’ -7). 
Then sin d =sin ἃ (γ᾽ +r) sin 0, 
sina =sin }(r’ —r) sin 6. 
Therefore  %2d@_sind(r’+r)_ tan ἐγ +tan Jr 
sina sin }(7-r) tan $7’ —tan jr 
Therefore ‘#2 2" a= Condit, = OEE - σὴ 


Note, Figs. 105 and 106 have been drawn for the 
hyperbolic geometry. In elliptic geometry the παν δα νεν eve 
is convex towards the axis. In Fig. 105, in this case, either 
OH < PK or O lies between P and Q. If O is the same point in the 
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two figures, the values of tan 4r/tan 4’ and tan ἐγ tan jr’, respec- 
tively for the secant which cuts and the secant which does not cut 
the axis, are equal. 

Hence, if a variable line through a fixed point O cuts a circle 
in P, Q and its awis in A, either the ratio or the product of 
the tangents of half the segments OP, OQ 8 constant, according 
as (1) one, or (2) both or neither of the segments contains the 
point A. If OT ὦ a tangent to the curve, the constant is 
equal to tan® LOT, and is called the power of the point O with 
respect to the circle. 

The two cases are simply explained in elliptic geometry. Let 
the dotted circle AA‘ represent the axis of the circle, which is 


Fie. 107. 


represented in the diagram by a pair of circles. The secant cuts 
the two circles in P, P’; Q,Q’; and the axis in A, A’. These pairs 
of course represent single points. 
AA’ =PP’=QQ'=7; 
therefore OO} =7 - Οὐ. 
tan 10} 


Therefore tan JOP tan }0Q=tan JOP cot 100’= 100" 
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4. leciprocally, if P is a variable point on a fixed line PN, 
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This result is true also in euclidean geometry, the constant 
reducing to (ὦ —a)/(d +a). 
For an equidistant-curve, let the line cut the axis in NV 
at an angle « (lig. 109). 
Then, 6 and 6’ being taken positively, 
TPL=T'PL= (0 +6’), 
NPL=}(0-6'), 
cos a =cos x sin 1. {θ — 6’), 
cos a=cos «sin }(0+6’) ; 


whence, as before, - ba i is constant. 


If the angles 6, θ΄ are measured in the same sense, then 
for 6’ we must put π -- θ΄, and we have 


Fra. 108. tan 40 tan 40’ =const. 
and the tangents PT, PT’ from P to a fixed circle mak Dal If, the angles 0, θ΄ being measured in the same sense, 
angles 0, θ΄ with PN, we have in Fig. 108, 7 oe αν eg ibe a the line joining P to the 
sin ὦ =sin 7 sin $(0’ - θ), ic . : 
sin @=sin ¢ sin ἐ{θ' -- @), LPC =3(0' +r +0)=5 +4(8' +0), 
sind _sin }(0' +0) _tan 46’ +tan 30 | = 
sina sin }(@’—@) tan 16’ - tan $0 ; | NPC=5-1(0 +6), 
wien tan 10 const, - [38 {6 -- α 


tan 407 °S* “tan (ὦ τα) TPC =\TPT"' -- ἔ(π --θ' +0)==-4(6' --θ). 
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Then sin d=sin r cos 1 (θ' +8), 
sin ὦ τε δίῃ r cos ἐ(θ' -- 8), 
and tan θ tan 46’ =const. 


Hence, if from a variable point on a fixed line 1 the 
tangents to a cwcle are p, q, and the line to the centre is a, 
either the ratio or the product of the tangents of half the angles 
(Up), (lq) is constant, according as (1) one, or (2) both or 
neither of the angles contains the line a. 


5. Angles of intersection of two circles. 

_ Since two circles may intersect in four points, there are 
four angles of intersection to consider, 

It is easy to show geometrically that if two circles have 
only two real points of intersection, the two angles of 
intersection are equal. 

Suppose a circle cuts an equidistant-curve in four points, 
P, P’ on one branch, Ὁ, Q’ on the other branch. Then, 


Fie. 111. 


drawing PM, P’M’ 1 the axis and joining P, P’ to C, the 
centre of the circle, 

LCPP’=CP’P, LMPP'=M'P'P ; 
therefore L£MPC=M'P'C, 
and the angles of intersection at P, P’ are equal, and simi- 
larly the angles of intersection at Q, Q’ are equal. 
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But ZCPM +CQN =2CPQ, since ZMPQ=NQP; 
therefore CPM and CQN are not in general equal. If 
OPM =CQN, then each =CPQ=CQP; M and N then 
coincide, and C lies on the axis of the equidistant-curve. 

Similarly, it may be shown that if two equidistant-curves 
intersect in four points, the angles at the points of inter- 
section which are on different branches are equal, but all 
four angles cannot be equal unless the axes are at right 
angles. 

When two of the angles of intersection are right, 
the circles are said to cut orthogonally. All four angles 
cannot be right, for then the centre C of the one circle must 
lie on the axis of the other, and if CT, CT” are the tangents 
to the second circle, CT is a radius of the first circle. 
But CT is a quadrant ; therefore the first circle must reduce 
to two coincident straight lines. 


6. Radical axes. 

Let P, P’, Q, Θ΄ be the points of intersection of two 
circles, with axes a=0 and 8=0. Then, if S=0 is the 
equation of the absolute, the equations of the circles can 
be written S-a?=0, S-—/*=0. 

The equation (S —a®)-(S-—6*)=0 represents a conic 
passing through their common points, but this breaks up 
into the two straight lines a+ $8=0, and these represent 
a pair of common chords which pass through the point of 
intersection of the axes. They form with a and # a har- 
monic pencil. 

If y is the polar of the intersection of the axes, 7.¢. the line 
of centres, the other pairs of common chords pass through 
ay and By. 

If we take any point O on one of the first pair of common 
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chords, say PP', the power of Ὁ with respect to either circle 
is tan $0P/tan 10}. These two lines are therefore the locus 
of points from which equal tangents can be drawn to the 
tivo circles, 

But if we take a point O on PQ, the power with respect to 
one circle is the product, and with respect to the other 
circle the ratio of tan 10} and tan 40Q, and this chord does 
not possess the property of equal tangents. 


Fig, 112. 


Hence, of the three pairs of common chords of two circles, 
one pair pass through the intersection of the axes and are 
harmonically separated by them, and possess the property 
that the tangents from any point on either to the two 
circles are equal. 


These. two lines are called the radical azes of the two circles. 
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7. Homothetic centres. 

Reciprocally, two circles have four common tangents, 
which intersect in three pairs of points. One pair lie on 
the line joining the centres, and are harmonically separated 
by them, the other pairs lie on the lines joining the centres 
to the pole of the line of centres, The first pair possess 
the property that any line drawn through one of them cuts 
the two circles at equal angles. These two points are called 
the homothetic centres of the two circles. 


8. Radical centres and homothetic axes. 
The three pairs of radical axes of three circles taken im pavrs 


“pass through four points, the radical centres of the three cireles. 


Let ABC be the triangle formed by the axes a, b, 6 of 
the three circles; a pair of radical axes ayaa, B82; γιγ8 
passes through each of these points. 


‘ 
Fie, 118, 

If one radical axis y, of the circles A, B, and one radical 

axis 8, of the circles A, C intersect in P, then the tangents 

from P to the three circles are all equal. Therefore P lies 
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on a radical axis a, of the circles B, C. We have then 
(ἃν 82, y2 concurrent in P. Let γι cut a, in S, and join BS, 
Then, since (ab, yyy2) is harmonic, B(AC, SP) is harmonic ; 
therefore BS is β., 7.e. a, βι, γι pass through S. Similarly 
to, 81, Ye are concurrent in Ὁ, and ας, Bo, y,in R. The 
quadrangle PQRS has ABC as harmonic triangle. 

Reciprocally, the three pairs of homothetic centres of three 
circles taken in pairs lie in sets of three on four lines, the 
homothetic axes of the three circles. They form a complete 
quadrilateral, whose harmonic triangle is the triangle formed 
by the centres of the circles, 


9. Coaxal circles in elliptic geometry. 

The locus of the centre of a circle which passes through 
two fixed points D,, D, on a line / consists of the two 
perpendicular bisectors OL, O'L of the segments D,D, and 
D,D, (Fig. 114). All the circles through D,, D, therefore 
fall into two groups; any two circles belonging to the 
same group have / as a radical axis. Each group is there- 
fore called a system of coaxal circles with common points 
D,, Dy. When the centre is at Ὁ, the circle is ἃ 
minimum, and it increases up to a maximum, which is 
just the straight line / itself, when the centre is at L. 

Let C,,C, on OL=I' be the centres of two circles of the 
one system, and take two points K,, K, on 1. Draw the 
tangents K,U,, K,U,, K.V,, ΚΡ, to the circles Οἱ, Cy. 
Then K,U,=K,U, and K,V,=K,V,. Hence the points 
U lie on a circle with centre K,, and V on a circle with 
centre K,. Also, since K,U, is a tangent to the circle C, 
and a radius of the circle K,, C,U, is a tangent to the 
circle K,; and since C,U,=C,V,, Οἱ lies on a radical axis 
of the eircles K,, K,. Hence the circles K have I’ as a 


πὰρ -“υνον ὑπὸ ὐὐδυ»".ΨἝ«Ἁ«Ψ 
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radical axis. We get then a system of coaxal circles K 
associated with the system C, and every circle of the one 
system cuts orthogonally every circle of the other system. 
As KD, diminishes the circle tends to vanish. D,, D; 
are called the limiting points of the K system. If K lies 


Fie. 114, 


in the segment D,OD,, the circle is imaginary. As Καὶ 


approaches O’, the circle becomes the straight line [. 


The K system is a non-intersecting system, i.e. it has 
imaginary common points. The C system has imaginary 
limiting points. ᾿ 

If the segment D,D, vanishes so that the common points 
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D,, Dz coincide at O, the circles C all touch the line 1 at Ὁ, 
and the circles K all touch the line {5 at O. 

If the segment D,D, becomes +, so that the common 
points coincide at Ὁ", the circles C all reduce to straight 
lines passing through O’, while the circles Καὶ become con- 
centric circles with centre Ὁ". 


(vir. 10 


10. Homocentric circles. 

The locus of the centre of a circle which touches two 
fixed lines d,, ἄς through a point Z consists of the two 
bisectors ὁ, o’ of the angles between d,, ας (Fig. 115). All 
_ the circles touching d,, d, therefore fall into two groups; 
any two circles belonging to the same group have Z asa 
homothetic centre. Each group is therefore called a system 
of homocentric circles with common tangents d,, dz. When 
the centre is at Z, the circle is a minimum and reduces to 
the point L itself; as the centre moves along ο΄, the 
circle increases up to a maximum when the centre is at 
O, the pole of ὁ. 

Let ον, ¢, through L’, the intersection of ὁ and I, be the 
axes of two circles of the one system. Take two lines h,, 1. 
through Z, and let 2, περ, v1, v, be the tangents to the circles 
Οἱ, Οἷς at their points of intersection with ,.k,. Then the 
angles (/,2,) =(ky) and (kov,)=(kyr.). Hence the lines » 
are tangents to a circle with axis k,, and v are tangents to 
a circle with axis k,. Also, since (4) lies on the circle C, 
and on the axis of the circle K,, and since the angle (c,2,) 


=(Cy0,), ¢ passes through a homothetic centre of the circles . 


Κι, Ky. Hence the two circles K have L’ as a homothetic 
centre. We get then a system of homocentric circles Καὶ 
associated with the system C, and every circle of the one 
system is tangentially distant a quadrant from every circle 
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of the other system. As & approaches d, the circle K 
becomes the straight line d,. d,, dy are called the limiting 
lines of the Καὶ system. If k lies outside the angle d,d., 


Fie. 115, 


the circle becomes imaginary. As ἢ approaches ο΄, the 
circle reduces to the point L’. The Καὶ system has imaginary 
common tangents; the C system has imaginary limiting 
lines. 
If the angle d,d, vanishes, so that the common tangents 
N.-E. ἃ. P 
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d,, dg coincide with ο΄, the circles C all reduce to points 
on ο΄, while the circles K become concentric circles with 
axis οἵ. 

If the angle d,d, becomes 7, so that the common tangents 
d,, εἷς coincide with ὁ, the circles C all touch o at L, and the 
circles K all touch ὁ at L’. 


11. In euclidean and hyperbolic geometry this duality 
does not hold, since in euclidean geometry the envelope 
of a system of lines cutting a fixed line at a constant angle 
is a point at infinity, and in hyperbolic geometry it is an 
ideal circle. In hyperbolic geometry, as K goes to infinity 
the circle becomes a horocycle. Between the horocycle 
and the straight line lies a system of branches of equidistant- 
curves. The other branches complicate the figure as they 
intersect the other circles of the system. The same thing, 
of course, occurs in the other coaxal system passing through 
D,, De. 

In euclidean geometry a system of coaxal circles is a linear 
system, %.e. through a given point only one circle of the 
system passes. In non-euclidean geometry, through three 
given points four circles pass, 7.6, four circles can be drawn 
through any point P to pass through two fixed points X, Y. 
Denote these circles by PX Y, P’XY, ete.; then of the four 
circles, PXY, P’XY have their centres on the one per- 
pendicular bisector of XY, and belong to the one coaxal 
system, while PX’Y, PXY’ belong to the other. Hence, 
through a given point there pass only two circles of a given 
coaxal system. 

In euclidean geometry a system of coaxal circles is equivalent to 


a system of conics through four points; in non-euclidean geometry 
it is equivalent to a system of conics through two points and having 
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double contact with a fixed conic.' The reciprocal system, i.e. a 
system of circles touching two lines, is equivalent in non-euclidean 
geometry, to a system of conics touching two lines and having 
double contact with a fixed conic; and in euclidean geometry to 
a system of conics passing through two points and touching two 
lines. Hence the complexity of the latter system compared with 
a system of coaxal circles. 

The analytical treatment of systems of coaxal circles in non- 
euclidean geometry can be reduced to the consideration of linear 
systems in the following way. 


12, Linear equation of a circle. 
If (ὦ, y, 5) are the actual Weierstrass coordinates, the equation 
of a circle, with centre (x,, ¥,, 2,) and raclius r, is 


at, + yy), + Pez, =F cos i: 


Let a=Az,, b=Ay,, c=Al*z,, d= - Ae cos", so that 


a + lAb? + 8 = AA (2? + y2 +2 f)=Mit=p*, say. 

Then the equation reduces to 

ax +by+cz+d=—0, 

The non-homogeneous linear equation, with real coefficients, in 
actual Weierstrass coordinates, therefore represents a circle with 
centre (a, b, 6.13}, axis ax + by +-cz=0, and radius r, such that 
Ξ 
ke 
where γ᾽ =/a? + 2 +c. 

In elliptic geometry / is positive and 7 is always positive. The 
centre is always real, and the radius is real if d@=/a"+Pb+ce. Hf 
d=0 the circle becomes a straight line, and if d=p it reduces to a 
point. 

In hyperbolic geometry, changing the sign of 15, we have 

=e - Ifa? - 1583, and cosh =the positive value of -. 


τὴ d 
cos - =the positive value of 


Ὁ It is therefore exactly equivalent to a system of circles in euclidean 
geometry edo eg inky contact with a fixed conic. The limiting points 
are represented by the foci of the conic. 
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The centre is real, ideal or at infinity, according as 77>, = or <0, 
The curve is therefore 


A real circle if @>c-/a*-i>0, reducing to a point if 


-¢-— Fa? --P 0. 

An imaginary circle if οἷ ~/@a*-#>d?*>0. 

An equidistant-curve if @<}*(a*+4*), reducing to a straight line 
if d=0. 

A horocycle if οὐ =/#(a" +6). 

The two equations ax+by+cz+d=0 represent the same circle. 
In elliptic geometry this is verified, since (2, y,z) and (-2, —y, - 2) 
represent the same point. In hyperbolic geometry, for a proper 
circle or a horocycle only one of these equations can be satisfied, 
since z must be positive; for an equidistant-curve the two 
equations represent the two branches. 

The points of intersection of two circles αγαὰ +b,y ἜΣ 4d,=0 and 
ἀφ + bey +¢e2++d,=0 are found by solving these equations simul- 
taneously with the equation αὐ τὴ ὁ ΚΞ, These give four sets 
of values of 2*, τῇ, 25, and therefore four points of intersection. 


13, Systems of circles, 

If 8,=0 and S,=0 are equations of circles in this form, S, + A8,=0 
represents a circle, and for all values of A represents a pencil of circles 
passing through two fixed points. If d,=d,, the circle 8} -- Α΄, τεῦ of 
the system reduces to a straight line, and if ὦ, τας τεῦ the circle 
S,+58,=0 is another straight line. These are the radical axes of 
the two circles. 

S,+AS,+pS8,=0 represents a linear two-parameter system or 
bundle of circles, Ifa circle of the system passes through the point 2’, 
5, AS,’ + pS8,'=0, 

andwehave (8,58,'-8,’S,)+A(S.S8,'-S,'S,)=0, 

which represents a linear one parameter system or pencil of circles. 
Hence all circles of a bundle which pass through one fixed point 
form a coaxal system and pass through another fixed point. 

If d, + Ad, + μας τεῦ, we get a pencil of straight lines If the vertex 
of this pencil is real, choose it as origin ; then the linear system can 
be reduced to the form #+Ay+p(z+c)=0. Then one radical axis 
of every pair of circles of the system passes through the origin, 
i.e. the circles have a common radical centre at the origin. If 
tangents are drawn from this point to the circles of the system they 
are all equal, and hence all circles of a bundle cut orthogonally a 
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fixed circle, In hyperbolic geometry the orthogonal circle may be 
a proper circle, real or imaginary, an equidistant-curve or a horo- 
eycle, Lf the orthogonal circle reduces to a point, all the circles pass 
through this point. 

All these results admit, in the case of elliptic geometry, 
of a simple interpretation by means of the central projection 
of the sphere. ΤῸ a plane corresponds a circle, to an axial 
pencil of planes corresponds a pencil of circles, and to a 
bundle of planes through a fixed point O corresponds a 
bundle of circles, the orthogonal circle of which corresponds 
to the polar plane of Ὁ with respect to the sphere. 

This representation fails in hyperbolic geometry, since 
the sphere becomes imaginary, but there is a correspondence 
between the circles of the hyperbolic plane and the planes 
of hyperbolic space. 

14, Correspondence between circles and planes in 
hyperbolic geometry. Marginal images.’ 

Consider a fixed plane F and a plane #. From any 
point P on £ drop a perpendicular PQ on Ff. The assem- 


Fre. 116, 


This theory is due, analytically. to F. Hausdorff, “ Analytische 
Beitrige zur nichteuklidischen Geometric,” Leipziger Berichte, 61 
(1899), p. 177, and geometrically to H. Liebmann, “ Synthetische 
Ableitung der Kreisverwandtschaften in der Lobatschefskijschen 
Geometrie,” Leipziger Berichte, 54 (1902), p. 250. CE also Liebmann, 
Nichteuklidische Geometric, Ind ed., Leipzig, 1912, p. 63. 
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blage of all points Q lie within a curve called the marginal 
unage of the plane E on the plane F. 

(1) Let Ε and F be non-intersecting, and have a common 
perpendicular AB (Fig. 116). Through A in the plane 
B draw any line AP, and in the plane PAB, which cuts F 
in BQ, draw QP1BQ and || AP. Then @Q lies on the 
marginal image of 7. 

if AB=p and BQ=p’, then sinh p sinh p’=1. Hence 
P 1s constant, and the marginal image is a circle with centre 
B and radius p’ given by sinh p sinh p’ =1. 

(2) Let # cut F at an angle a in the line MN (Fig. 117). 

Draw a plane | MN, cutting Ε΄ in MP and F in MQ. 


Fie, 117, 


Draw QP 1MQ and || MP. Thena=IT(MQ). Hence MQ 
is constant, and the locus of Q is an equidistant-curve 
with axis MN and distance a such that ΤΠ (a) =a. 

(3) Let £ be parallel to F. Then the line MN goes to 
infinity, and the equidistant-curve becomes a horocycle. 


Hence there is a (1, 1) correspondence between the 
circles in a plane and-the planes in space, 
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15. When the planes E, Ε΄ intersect in a straight line l, 
their marginal images intersect in two points which form the 
marginal image of the line I. 

Let the planes 2, 2’ cut the absolute in conics C, C’, 
and let O be the absolute pole of the plane #. Then the 
marginal images J, I’ of E, Ε΄ are the projections of C, ΟἹ 
on the plane F with centre of projection ὁ. The conics 
C, C’ intersect only in two points P, Ὁ, the points of inter- 
section of I with the absolute. The cones OC, OC’ cut the 
absolute each in a second conic C,, Cy’. 

Now Οἱ, Ο' cutin P,Q; Οὐ, Οὐ" cut in P,, 9; 

C, Cy 3} R, 8 ᾽ σ', (Ἱ 3} fi, ἥδ» 
and the points P, P, give the same projection on F, and so 
also do the other pairs. Hence the marginal images cut 
in four points, two of which form the marginal image of the 
line of intersection 1. 
16. The angle between two planes is equal to the angle of 


intersection of their marginal images. 
Let E,, Ες be two planes cutting in T7’. Let P,Q, be 
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the common perpendicular of F, and F, PQ, that of F, 


and 7. The plane P,Q,Q.P, 1 F cuts TT’ in T. Draw 
P,P’, P,P,’ in the planes Βὶ, Ες,}} TT’, and SS’ 1 F 
and || TT". The planes P,Q,S = R, and P.Q,S = R,are 1 F. 
The marginal images 7.7, of #,, Εἰς are circles with centres 
Q,, ὡς and intersecting in 8... | 
; We have then four planes Εἰ, Ες, R», R, whose li 

intersection 77", P,P,’, SS’, P,P,’ a naeatel eee 


But (R,E,)=5=(E2R.) and (RR,)=7 —(ryr9) 
Therefore (ΕΒ. 2) =(r,7¢). 


17. Systems of circles. 
A pencil of planes through a line 1 i 
«A vanes through a line / is represented on F 
by a system of circles through two fixed points, the marginal 
Image of i The planes perpendicular to J form a pencil 
of planes with ideal axis I’, the absolute polar of J. These 
are represented on F by a system of circles through two 
imaginary fixed points, the marginal image of I’, and every 
ie of = first system cuts orthogonally every circle of 
e second system... These form ther« 
5 γοιὸ πὶ m therefore conjugate systems 
A bundle of planes through a point P is represented by a 
system of circles any two of which intersect in a pair of 
ae which are the marginal image of a line through P. 
f O is the foot of the perpendicular from P on F, the two 


points of each pair lie on a line throu i 
οἱ pair | } through O and are - 
distant from O. Ο is the radical centre of the system pe 
all the circles cut orthogonally the circle which iy the 
marginal image of the polar plane of P. 
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18. Types of pencils of circles. 

(1) Let the axis 7 of the pencil of planes be a non-intersector of 
the plane F, and let PO be the common perpendicular of / and F. 
Let A, B be the marginal image of 1; O is the middle point of AB, 
Then the marginal images of the planes through / are circles through 
the real points A,B. One of these is the line AB; then, as the plane # 
is tilted, we get branches of equidistant-curves, then ἃ horocyele, and 
lastly circles, ending with the circle on AB as diameter, the circle 
of least diameter. 

(1’) In the conjugate system the planes F are all perpendicular 
to a fixed line J, and the axis I’ is ideal. The marginal images are 
first a straight line through 0.1.8, then a series of equidistant- 
curves with axes | AB and increasing distances, then a horocycle, 
and lastly a series of circles with diminishing radii tending to the 
limiting point A; and a similar series tending to the other limiting 
point B. 

(2) Let the axis? cut F in O. The marginal images are first the 
straight line AB, then ἃ series of equidistant-curves with axes 
through O, one branch passing: through each of the points A, B, 
ending with the equidistant-curve of greatest distance whose axis 
LAB. 

(2a) If LL F, A and B coincide, and the marginal images are 
concurrent straight lines through ὦ. 

(26) 161 lies in F, A and B are at infinity in opposite senses. The 
marginal images are equidistant-curves with common axis AB. 

(2') The conjugate system to (2) is similar to (1’), but instead of 
starting with a straight line we have first an equidistant-curve with 
a minimum distance 

(2’a) When [LF the limiting points coincide and the marginal 
images become concentric circles 

(2’b) When 1 lies in F the limiting points are at infinity in opposite 
senses, and the marginal images are straight lines L AB. 

(3) Let 11 F, then one of the points, & say, is at infinity. The 
marginal images are equidistant-curves through A with axes parallel 
to AB, one being the straight line AB and one the horocyele 1 AS. 

(3’) In the conjugate system the limiting point B is at infinity. 
We have first a series of equidistant-curves with increasing distances, 
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then a horocycle, and lastly a series of circ] ith diminishin il 
ending with the limiting inh A, nak he —— 
(4) Let 1 be at infinity with P as poi infini 
| point at infinity, and suppos 
P is not on F, The planes # are all parallel. The ein οῖλμσι 
« is a point A, i.e. A, B coincide. A is the orthogonal projec- 
oe of Pon F. There is a real plane through 1.1. ¥ cutting F in 
: ne f. We have then, as the marginal images of the planes Z 
ἐν the straight line ¢, then a series of equidistant curves, then 
ἅν horocycle, and finally a series of circles, all touching ¢ at A 
which is both a limiting point and a common point, | 
(4’) The conjugate system is of exact! 3 i 
| | Ν y the same form, since th 
absolute polar of the line Z at infinity touching the abchie ot ᾿ 
is also a line touching the absolute at P. The marginal images all 
touch a line | ¢, A being the point of contact. ἂς 
(5) In (4) let P be on F. so that A coincides wi infini 
| , with P at i : 
es parallel planes £ make a constant angle a with PF. ; We sp 
τ ἐν aie images, a series of equidistant-curves with axes 
~ Tal i rection through A, and constant distance a, such 
(δα) If the conjugate axis I’ lies in F, απὸ ἀπ andt idistan 
| : he ; a= 7, and the equidistant- 
curves reduce to a system of parallel Fans lines, ee 
(56) If? lies in F, a=0, and th inal i 
peels akg ae ee and the marginal images are a system of 


(6 The conjugate system to (5) is a system of exactly the same 
form with the angle a’ = a. 


(σ΄) is the same as (5b) and (δ΄) the same as (5a). 


Note.—In (2a) we appear to have a pencil of circ 1 inci 
common points, but we must ane peas ἐμῷ 3 peer 
one real common point, and an ideal common point which is the 
inverse ra with respect to the absolute. Similarly in (2) we should 
regard Ἔ two branches of the equidistant-curves separately, and 
regard the whole system as consisting of two pencils, each with one 
actual and one ideal common point. (Cf. Ex. VIIT. 19, 20.) This 
pelager sealant’ if, in finding the marginal images, we confine 
erp 5 parts of the planes and lines which lie on one 
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1. Prove that if the common tangents to two circles are all real, 
the distances between the points of contact are equal in pairs, and 
that all four distances will be equal only if the axes of the circles are 
orthogonal. 

9. Prove that the second radical axis of two circles which pass 
through A, B passes through the middle point of one of the segments 
AB, BA. 

3. Prove that 2+ Ay—/<=0 represents, for parameter A, a pencil 
of lines parallel to the positive axis of ἃ, 

4, In elliptic geometry, prove that the circles a,x + by +e τ Ξῦ 
and a,x +ete. =0 will cut orthogonally if (ayy + bby) +eyee + hd, =0. 

5. If a bundle of circles contains a pencil of lines parallel to the 
pusitive axis of 2, show that the equation of the bundle can be 

written in the form (x +pk)+ Ay+u(z+p)=0. 

6. If a bundle of circles contains a pencil! of lines perpendicular 
to the axis of 2, show that the equation of the bundle can be written 
a+ Aly +b) + pe =0. 

9 Prove that the orthogonal circle of the bundle of circles 
x+Ay+p(z+ec)=0 is cz=l. 

8. Prove that every circle of the system (x -pk)+Ay+p(z-p)=0 
cuts orthogonally the horocyele p(x -- kz) =k. 

9, If the orthogonal circle of the bundle of circles 

a+ Ay + p(z+e)=0 
is imaginary, prove that every circle of the system passes through 
the ends of a diameter of the fixed circle z+¢=0. 
10. Prove that the locus of the centres of point-circles of the 
bundle x + A(y +b) +p2=0 is the equidistant-curve by= + i. 


11. If sinh psinh p’=1. prove that 
I(p) +11(p')=5, and p’=log coth τ. 
12. Given a circle, equidistant-curve or horocycle in a plane F, 


show how to construct the plane # of which it is the marginal! image 
on the plane F. 


CHAPTER VII. 
INVERSION AND ALLIED 'TRANSFORMATIONS.! 


1. In euclidean geometry, Inversion, or the transformation 
by reciprocal radii, is a transformation which changes any 
point P into a point P’, and P’ into P: the line PP’ passes 
through a fixed point O, the centre of inversion, and the 
segments OP, OP’ are connected by the relation OP . OP’ 
=constant. This transformation has the properties that it 
changes circles into circles and transforms angles unaltered 
in magnitude. It is a special case of a conformal trans- 
formation which preserves angles, and of the more special 
type of conformal transformation, the circular transformation 
which changes circles into circles, 

We shall consider in this chapter the circular trans- 
formations in the non-euclidean plane, and first we shall 
prove the following theorem. 


2. Any point-transformation which changes circles into 
circles is conformal. 

Two circles which intersect at equal angles at A, B are 
transformed into two circles which intersect at equal angles 
at A’, B’, i.e. certain pairs of equal angles are transformed 
into pairs of equal angles. We shall show that this holds 
for all pairs of equal angles. 

* See the references to Hausdorff and Liebmann in chap, vii. 8 14. 
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Let the lines a,, δι through S, and ας, by through S, 


make equal angles in the same sense. Let αι, ας meet in O, 


Fig. 119. 


and let S,S, make equal angles with a, and ay, Draw 
A A Α Α 
b through S, making a,b, =ba,, then ba, παρ ὺς. 

Two circles A, B can be drawn with their centres on the 
bisector of the angle at O, passing through δ᾽ and Ss and 
having @,, ας and b,, ὃ as tangents ; and similarly 8, circle C 
can be drawn with its centre on the perpendicular bisector 
of S,S, and having 6, ὃς as tangents. . 

| ‘ s 
The equal angles aby, and ba, are transformed into equal 


A A 
angles, and the equal angles ba, and a,b, are also trans- 
formed into equal angles, i.e. a pair of equal angles in any 
position are transformed into a pair of equal angles. 

Hence two adjacent right angles are transformed into two 
adjacent right angles, half a right angle is transformed into 
half a right angle, and soon. Hence angles are unchanged. 


8. Consider two planes F,, 12. All the planes in space 
are represented on each of these by circles, and we have a 
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correspondence between the circles of #, and the circles 
of δ΄, through the medium of the planes of space. Then, if 
F, is made to coincide with F,, we have established a corre- 
spondence between the circles of F, itself. ie. we have 
effected a transformation of F,, changing circles into circles. 
Instead of supposing the plane F’, to move, we may suppose 
F to be a fixed plane and let the whole of space move rigidly, 
with the exception of F. To a circle C corresponds a plane 
#. This plane is moved to Ε΄ and gives another circle C’. 
To a pencil of circles corresponds an axial pencil of planes, 
and this gives again a pencil of circles. To a bundle of 
circles with common radical centre Ὁ corresponds a bundle 
of planes through a point P; P is moved to P’, and we get 
another bundle of circles with common radical centre 0’. 
Hence this effects a transformation of the plane F, changing 
a point into a point, and a circle into a circle. It does 
not change a straight line into a straight line, but in general 
into a circle. 
The motion of space which has just been considered is 
a kind of congruent transformation, i.e. it does not alter 
distances or angles. But a congruent transformation 
considered more generally may reverse the order of objects, 
changing, for example, a right-hand glove into a left-hand 
glove. Such a transformation is produced by a veflerion in 
a plane. A motion is equivalent to two reflexions. 
We may extend the above result, therefore, and say : 
Every congruent transformation of space gives rise to a circular 
transformation of a plane. 


4. Conversely: Every point-transformation of the plane 
which changes circles into circles can be represented by a 
congruent transformation of space. 
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To a circle C corresponds a plane Εἰ, and to the corre- 
sponding circle C’ corresponds a plane Κ΄. Hence a plane 
is transformed into a plane, and the angle between two 
planes is equal to the angle between the corresponding 
planes. Further, a pencil of circles is transformed into a 
pencil of circles (since the transformation 1s a point-trans- 
formation); hence a straight line, the axis of a pencil of 
planes, is transformed into a straight line. Also a bundle 
of circles is transformed into a similar system ; hence a 
point, the vertex of a bundle of planes, is transformed into 
a point. The transformation of space therefore changes 
points, lines and planes into points, lines and planes, 
and leaves angles unaltered, ὦ.6. it is a congruent trans- 
formation.' 


5. The general circular transformation which we have 
been considering is more general than inversion, for in- 
version leaves unaltered a point Ὁ, the centre of inversion, 
and also all straight lines through ὁ, bean 

In general a system of lines through a point is trans- 
formed into a pencil of circles. Ina pencil of circles mee 
two points A, B there is always one straight Tine, the 
straight line AB; and if a pencil of circles contains ere 
straight lines it must consist entirely of straight ἜΤΙ 
for the planes corresponding to the two lines are sige 
perpendicular to F, and any plane through their line 
intersection is also perpendicular to Κ᾽ . . 

Now a pencil of lines through a point Ais ging a 
into a pencil of circles through 4’, B. Hence one οἷς οἱ 
the pencil is transformed into the straight line A’B’, ἀρ 

1 Τῇ euclidean space these conditions would pg only a similar 


transformation. In non-euclidean peers the angles of a 
triangle are given, its sides are also determined. 
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through any point A there is one straight line g which is 
transformed into a straight line g’. Let ἃ be another line 
which is transformed into a straight line kh’. Then the 
pencil (gh), which consists entirely of straight lines, is trans- 
formed into a pencil (g’h’), which consists entirely of straight 
lines. If g, A intersect in O, then gh’ intersect in O’, and 


Fie. 120. 


the corresponding angles at Ὁ and O' are equal. Let Ὁ 
be moved into coincidence with O’ and g with η΄. Then 
either h and λ΄ coincide or can be brought into coincidence 
by flapping the whole plane over about ’, i.e. by a reflexion 
ing’. Then all the other lines of the first pencil will coincide 
with their correspondents, since angles are unaltered. 
Hence, the general circular transformation is compounded 
of a congruent transformation of the plane and a circular 
transformation which leaves unaltered all the straight lines 
through a fixed point. 


6. Of this simpler form of circular transformation, which 
keeps one point fixed, there are three types, according as 
the fixed point is real, ideal or at infinity. These are called 
the hyperbolic, elliptic and parabolic types. 

And further, there are two forms of each, according as 
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the corresponding congruent transformation of space 18 
a reflexion or a motion. ibs si? 

In the first case points are connected in pairs, since the 
relation between a point and its image is symmetrical. 
If P is transformed into P’, then by the same transformation 
P’ is transformed into P. A repetition of the transforma- 
tion will reproduce the status quo. The t ransformation is 
therefore periodic with period 2, or, as it is called, involu- 
tory. This form of transformation is called an inversion. 

In the other case, by repeated transformation the trans- 
formed points on a fixed line always go in the same direction. 
This form is called a radiation. 


7. We shall now determine the metrical relations which 
define inversion. 

(1) Hyperbolic Inversion, with real centre O. Draw a 
line OD=d perpendicular to the plane F, and through D 


draw a plane KLOD. We shall obtain a hyperbolic 
inversion by a reflexion of space in the plane K. Take 
any point P in F and draw PALF, and Q4 me 
and || PA. Let Θ΄ be the reflexion of 0, so that DQ = QOD, 
and in the plane POQ draw Q’A’ LOD, and P’A'1F 


NE. Gc. Q 
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and ||Q’A’. Then P’ is the point which corresponds to P. 
Construct the point C which corresponds to D. Let 
OC =c, QD = DQ’ =y, OP =a, OP’ =x’. 

Then 

sinh ¢ sinhd=1=sinh sinh(d +y) =sinh a’ sinh(d —y); 
therefore sinh z=cosech(d +y) and cosh x=coth(d+y). 

tanh 3a =coth x —cosech x 
=cosh (d +y)— sinh(d +y) τε ο΄ (ἀν) 

Similarly tanh $2’=e-@- and tanh }e<e-4, 

Hence δηλ 4a tanh 4a’ =e-**=tanh* ke. 

This is the formula for inversion in a circle of radius c. 

(2) Elliptic Inversion, with ideal centre 0. The fixed 
lines are all perpendicular to a fixed line 1. Draw a plane 


Fig. 122. 


K through / making an angle « with F, and take this as the 
plane of reflexion. Then in Fig. 122, where 


AOD = DOA' =6, 


PA.LOP and || OA, P’A' LOP’ and || OA’, OP =a, OP’ =z’, 
OC =c, we have 


Il(v)=a+6, I (2’)=a-8. 
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Therefore I(x) +II(a’)=2a=2II(c). 
This is the formula for inversion in an equidistant-curve 
of distance ec. 


If a =5 
line. 

Ifa=%, we have II(e)+II(#’)=%, or sinhesinha’=1, 
a form of transformation which was frequently used by 
Lobachevsky in establishing the trigonometrical formulae. 

(3) Parabolic Inversion, with centre Q at infinity. The 
corresponding congruent transformation of space consists 
of a reflexion in a plane Καὶ || F. 

In Fig, 123 XD is the trace of the fixed plane K, C the 
marginal image of D ; UA is the trace of a plane || Κ᾽, U'A’ 


this gives z’=—a, a reflexion in a straight 


; 7 


Ρ 


the trace of the reflexion of UA in K, and P, Ῥ' the marginal 
images of A and A’. 
Draw the horocyclic ares PU, CV, P’U’. 
CP' =a’, x being positive and «’ negative. 
Then PU =CX =P'U' =k=1, since each is the are of a 


Let CP =a, 
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radius at the other end. 
AV=XV’, CV=PU.e, CV'=P'U'.e*: 
also CV +CV’ =20X. 
Therefore δ᾽ +e" =2. 
This is the formula for inversion in a horocycle. 


8. There is one property in which non-euclidean inversion 
differs from euclidean. In euclidean inversion the inverse 
P’ of a point P with respect to a circle of radius OA is the 


Ρ' 


Fig, 124, 
point of intersection of the radius OP with the polar of P. 
This does not hold in non-euclidean geometry, 

If P’T is a tangent to the circle, and OP =r, OP’ =/’, 
we have 

cos TOP’ =coth OP’ tanh a=tanh OP coth a. 

Hence tanh r tanh 7’ =tanh@a, 
whereas the distances of the inverse points are connected 
by the relation tanh Jy tanh Jy’ =tanh?4a. 

In euclidean geometry these both reduce to the same, 
rr =a’, 

The transformation which is called in euclidean geometry 
~ quadric inversion,” and which is obtained by the above 


[virt. 8 


horocycle having the tangent at one end parallel to the 
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construction with the circle replaced by any conic, is, there- 


fore, in non-euclidean geometry, not a generalization of 
inversion. 


9, Congruent transformations. Transformation of 
coordinates. 

The equations which determine a congruent transforma- 
tion of the plane are given at once by the equations for 
transformation of coordinates. 

Let the rectangular axes Ox, Oy be moved into the 
position O's’, Οὐ ψ', still remaining rectangular. Let the 


» 


Ξ 


Fie. 125. 


coordinates of O’ be (αν, bo, 6ο), and the equations of 
O'x', O'y', 
ae +bey +¢e2%=9, 
αχ + by +¢2=9. 
Then, the geometry being hyperbolic, 
ay? εὐ — οὐ] =1, 
ay? + δι -c7/k*=1, ᾿ Aerie ΟΝ μὰ (1) 
a7 +b2—Kee = -- ἰῇ, 
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Also, since the new axes are rectangular and pass 
through 0’, 


ityt+byby +e, =0, 


ht, +bib, —¢,c,/k* =0, 
Aftg+beby+Cyey =0 | 


whence 
ἀρ: bg: Cg: 1 =byeg -- boty τ ογας — Cott, : yb, —agb, : R. 
To determine the factor R, we have 
~ WERE = (byes — bac)? + (ογας -- γα, — K* (ayy -- αὐ.) 
= —K?(a,? τὸν -¢,2/k*) (a? δῷ -—c,2/k*) 
τ ἐλβίαχας + bibs τ-- γα, }}3}3 
Therefore R=+1. 


There are two cases in the transformation, according as 
the new axes follow the same order as the old, or are 
reversed, The second case is obtained from the first by 
interchanging ὦ and y. If the axes are supposed to be 
fixed while the whole plane moves, we call these two cases 
respectively a motion and a reflexion of the plane. A 
reflexion may be produced by flapping the plane over about 
a line in it. 

If the axes are unchanged we have a.=0, b,=1, a,=1, 
b,=0, ¢g=1, and therefore a,b.-ab,=1. If the axes 
are interchanged a,=1, b,=0, a,=0, b,=1, c,=1, and 
therefore a,b,-a,b,=-1. Hence for a motion R= +1, 
for a reflexion R= —1. 

We have then 


b,c. -- bec, = Rag, C11 — Col, = Rhy, ab, — Ab, =Reg, 
byey + be0,/h? = — Rag, ag +agy/k®=Rb,, ab, -a9b,= —Reo, 
baly + boCo/h*=Ra,, ely + ACx/k? = -- Rb, Abo -- αρὺς =Re,. 
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10. Let P be any point, whose coordinates referred to 
the old and the new axes are (x, y, z) and (“", ψ', 5). Then, 
expressing the distances of P from O'x’, O'y’ and Οἱ, we 
have «’=ksinh M'P/k, y'=ksinh N’P/k, 2’=coshO'P/k; — 
penne a! = Aye + by Ὁ γᾶ, 

ἡ τες + bey - σοῦ, ᾿ 
- δε =agr + boy -- Reg. 
where the nine coefficients are connected by the six relations 
(1) and (2). 
Further, since x’? +y'? —k®2'"*= —i?, we have 
ay? +a," — ag"/k = 1, Dye, + bale + bogey =9, 
by? +b? —bo?/k? =1, Oyy + Calta + Coty τεῦ, 
c2+ce—-Kee = -- ἸΏ, Ab, + αφὸς -- Agho/k? τεῦ. 
Multiplying the equations (a) respectively by a, ὅς; 
—d,/k* and adding, we get 
στε +g’ + Age’. 
Similarly ῃ =b,a"' + bey’ +e’, | 
—k®z=¢,2' ον — keg’, | 
from which we see that the coordinates of Oy’, Oz’, O 
referred to the new axes are 
(a, Dos ἀφ); (δι, be, bo); (4; Ca, Co). 
(a’) is the inverse transformation to (a). Both can be 
represented by the scheme 
4 ῃ tke 
α΄} aq 6b | Gtk 
y | @ ὃ, gtk 
ikz' | ag/ik bgltk ey 


which may be read either horizontally or vertically. 
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The determinant of the substitution = +1 for a motion, 
—1 for a reflexion. 


11, The transformation admits of a very simple repre- 
sentation. 


Since οὐδὲ +y* — 22% = —}2, we can write 
(x +2y)(@ — ty) =k? (z -- 1)(z +1). 


Τὰ Nimes ory _ (2-1) _ ὦ --ἶμ _k(z- 1) 
k(z+1)~ ge ty’ κα ἢ αὶ 
ΤῊ χὰ χυς 3 
mn ΣῈ: 4 AA == Ἴ 
A+A 4 AW? 1+)A 
and ney Wad Shit =, os 
wig Sa BS, ae ΕΓ οὐ 


The coordinates of a point are then expressed in terms of 
the complex parameter A, just as in Argand’s diagram. 
12. Let λ' be the parameter of P referred to the new 
axes. We have to express \’ in terms of 2. 
wv’ + ty" = (a -ἰ ἐα4)α + (b, + ἐδ}. + (cy + ἴδω), 
he(z’ +1) = (I? -- age —byy + βου}. 
Multiplying these by 1-)}, we get 
N =K(a, + t@g)(X +A) εὐ εἰ) ἃ -2) 
+ (€, +%ey)(1 +X) 
=KX[ (a, + tag) ~i(b, +%b.)] 
+kX[ (ay + tay) +i (b, +%b,)] +(1 + AA) (C; + te). 
D=K(1-XX) --αρ(ὰ +r) -ibo(X --α) + heg(1 +2). 
Now (do ~ tbo) [(a, +%ag) +1(b, + %,)] 
= Atty + dob — αὐὺς + bog + (Agfa +b ob, +agb, -- ὅν α) 
= — C90; + Rey εὐ -- Cgc + Re.) = — (eg - R)(¢, +%e2), 
and (ἀρ + tbo) [ (a + tag) -- i(b, + tb2)] = -- (Co +R) (cy ἕο). 
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Let A,» be the parameter of O', so that 
k(eg—1) 1. Κ(θ0 +1) 
Ay—Wy’ Aq Ato 
Then, for a motion, R= +1, and 
N= (61 + t2)(Xo - Δ) — AN); 
D =k(cq +1)(1 —AXo)(1 --λολ). 


Ao= 


Now cf +c" =k? (cg? - 1); 
therefore οἱ Ὁ ἴσα τε —ks/c.?-1e*, where g=7 +tan-", 
and ag? +b? =i*(c,? -- 1); 


b 
therefore Ao(cy+1)=Vce ge - 16", where y=tan-1. 


ἢ 
Therefore Ν =k(cy+1)(A\-A,)(1- vasa 


N ir- A=Xo ic 
Hence λ' ye Ys Xe 
Let a ἡ) -- αἰὰ, and \ya=—, Aga= —8; then 
v= a +B 
βλτα 


i.e. the general transformation of coordinates, or the general 
motion in the plane, can be represented by a type of homo- 
graphic transformation of a complex parameter. 


13. If S denotes the operation which changes ἃ mto A’ 
by the above equation, then the product of two such 
operations S, and S, leads to 
apr’ + Bo 
Bon +a 
_ aa(ayA +) + β,(β.Ὰ +a;)_aA+ ar +B 
~ Balad +83) τα,ίβιλ + αὐ) — BA+a’ 
where απαιας ἐβιβ,, βεα,βιταβς; 


Av = 


a υνωνΝ 
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therefore 8,S, is an operation of the same form. The Here ai+bj+ck+d (=q) is a quaternion. Hence the 
operations S have therefore the property that the product rule for compounding operations of the group 
of any two of them is again an operation S. λ' =(ad -- 8)/(BA +a) 
προ sie ihe proved that (5,5,)S, = (5253), and is exactly the same as that for quaternions. The meaning 
a DDS 810 ΒΘΘΟΟΙΘΌΥΘ, A set of operations satisfy- of this can be explained as follows. The operation q( )4 
a PE two conditions i) called a rou. This group is performed upon a vector ( ) has the effect of a rotation 
cared tae group oF non-euchdean motions. "about a definite line. The product of two such operations 

The homographic transformation which represents a fox )q~}q27' =n )4ι 44. =4( am? 
motion is a particular case of the general homographic qoih Mh 1: Goh\ I 8 > 
transformation 6X48 τ where ἢ Ξε 971, and is therefore another operation of the 
N= + θ᾽ same form. ‘These operations form the group of rotations 
where α, β, y, ὃ are any complex numbers. This trans- | about a fixed point, or the group of motions on the sphere. 
formation belongs to a Ψ060 88 general group, the group of 15. If we take polar coordinates (7, @), 
homographic transformations, and the group of motions is ) SPN πε cle Mas 
a sub-group of this larger group. x ὁ ἦν =k sinh τ (cos θ᾽ Ὁ ὁ sin 6) =ksinh χε, 
14. In elliptic geometry a motion is represented by the | εὖ 3.7 
transformation \! at --βὶ , tae ii 1 =cosh 7 +1=2cosh* 5). 
~ BA+a Therefore \ =tanh ” ὁ 
If S is the product of two operations S,, S 4. we have δ τ . 9dr 
ατεαχας -- βι8., βτας4ᾳβ, +a. | λὰ =tanh?—, ἰλλοίθ =A, cosh 7 = +, si :- “* 
Put a=d+.a, 8=b-1c, where a, ὃ, c, d are real and κω SD isi yea 
t=a/—1: then we have | The equation of a straight line az +by +cz=0 becomes, 
a= αμᾶς εὖχος -- οκἰῦς τάα,, when expressed in terms of A, ; 
b= -—a¢,+b,d,+¢,49+d,bo, , ak(X +) +ibk(A -- λὺὴ το +AA) =0, 
C= αιμῦς -ὖ,ας ὁ ογᾶς Ὁ ἄγος, i.e. o(AA +1) τ (α +0) +k(a -)d =0, 
d= -αχας -διδὃ, — CC, + yds. which is of the form 
Now these relations are exactly the same as those which __ | oe eS 
we obtain from the equation λλ -αλ -αὰ +1=0. ᾿ | | 
αὐ 7 Ὁ οἷ Ὁ ἀ τε(αχὶ τ ἢ. +k +d;)(agi 8.7 +¢gk  ἀ)), If the line passes through the origin, ὁ τεῦ, and the 
where ἥτε. 1 equation reduces to 


jk=i= —kj, t=j= — vk, Yy=k= ἘΠῚ αλ- αλεεῦ. 
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The equation of a circle, 
ὍΝ δ Pe δ’ 
cosh 5 = cosh 7 cosh πο" sinh 7,098 (9 —a), 
with centre (6, a) and radius a, becomes 
= ¢ a ὃ : Ἐπ} 
λλ(οοϑιν & + cosh *) -- sink Σ(λοτ ἃ + Kei 


+cosh Ὁ — cosh Ὁ =0. 
In general, therefore, the equation 
λλ --αλ -ad +6=0 


represents a circle (equidistant-curve or horocycle) which 
reduces to a straight line when b=1. 


16. The general homographic transformation of ἃ leaves 
the form of the equation of a circle unaltered, and is there- 
fore a circular transformation. The transformation of 
inversion is included in this. Inversion is characterised 
by connecting points in pairs. The parameters \, λ΄ of 
a pair of inverse points must therefore be connected by a 
lineo-linear equation of one of the forms 


χ’-αλτϑ Y avr+8 


Yat, τ ae (1) 
, GA+B =, GA+Ph 
A weal ‘= τὰ; μα κ᾽ ἃ ἃ αὶ αὶ ἃ α ἡ 
γλτᾶ yA+0 “oo 


The first form characterises motions, the second re- 
flexions, when y=@ and ὃ τε. Inversion belongs to the 
second form and is a symmetrical transformation, i.e. 
λ΄ is expressed in terms of \ by exactly the same equation 
as that: which expresses \ in terms of λ', 


If y0, we can take λ' ἘΠῚ 2: 
A+6é 
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 -τὅλ' τβ 
ΡΞ and A= ae ᾿ 

Hence ὃ- -αὰ and β-β, ie. β' is a real number= -- ὃ, 
The transformation for inversion is therefore of the form 


Then X= 


λ' ii etc terete e neces I 
A~a (1) 
If the points A, λ' coincide, so that λ' =A, 
AA —GA—GA 4+0=0, ..........,. (0) 


which is the equation of the circle of inversion. If A, λ' 
are a pair of corresponding points, equation (1) gives 
NA -- αλ' —ad +b=0. 

If y=0, we can take \’=a\ +. Proceeding as before 
we find aa=1 and B=-a8. The transformation then 
reduces to the form 

an’ +ar=b. 

In this case the circle of inversion is the inverse with 
regard to the absolute of a circle which passes through the 
origin. 

These results should be compared with the corresponding 
formulae for euclidean geometry in Chapter V. δὲ 31, 32. 


EXAMPLES VII. 
1. In elliptic geometry, show that the general transformation of 


Ἶ ,. (α -ἰὸ)λ - (e+ id) h 5, δ. ἃ 
coordinates is expressed hy A “cepa” ere a, ἢ, δ, 


are real. ᾿ 
2, Prove that the general homographic transformation Ne=- oe 
changes circles into circles, ? 


λ 
3. Show that the transformations Se τε form a group. 
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4, Show that the general reflexion of the plane in hyperbolic 
geometry is represented by yates Ρ 
Bi+a 
δ. Show that the reflexions of the plane do not form a group, bi 
that the product of two reflexions is a motion. δ ἢ 


6. Show that the operations of the group Peal leave un- 
altered the equation AA=1 Br+a 
7. Show that the equation ἡ τεῦ is unaltered by the operations of 


the group χανε where a, ὃ, c, d are real. 


_ 8. Show that the equation «=0 is unaltered by the operations of 


. ,. ar+ib | 
the group A a ae where a, b, c, d are real. 


9. If the points A,, ἃς, A, are collinear, prove that 
L+AA, ἃ, A, |=0. 
1+AA, ἃ, ἃ, 


— 


| 1+A,A, Ay Ag 


10. Verify that if 


τ 6 ἂν, ὡὠχδ ων ῦ 
AAs (cosh £ + cosh 1) sinh pine ‘a4 \,e!@) + cosh 1 cosh 7 =0, 
the points A,, A, are collinear with the point whose pola i- 
Pia aE point > polar coordi 
_ 11, Prove that the formula for a hyperbolic radiation, correspond- 
ing to a translation in space through distance d, is sinh x’ =e sinh x. 
12. Prove that the transformation tanh r tanh r’=const. hanges 
a straight line into a curve of the second degree, Ἷ 
_ 18. Prove that the inverse of the absolute in a circle of radius c 
is a circle of radius equal to k log cosh c/k. (This circle is called the 
vanishing circle; cf. vanishing plane in the theory of perspective, ) 
14. Prove that the inverse of a straight line i irele cutting t 
vanishing circle orthogonally. . a 
15. Prove that the inverse of a horocyele is a circle touchin 
se ite yele is a circle touching the 
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16. Prove that any circle which cuts the circle of inversion ortho- 
gonally is unaltered by inversion. 

17. Prove that the inverse of a system of parallel lines is a system 
of circles all touching at the same point. 


18. Prove that a horosphere which cuts the vanishing sphere 
orthogonally is inverted into a plane touching the vanishing sphere ; 
and that a horocycle traced on the horosphere is inverted into a 
circle lying in this plane and passing through the point of contact. 
Hence deduce that the geometry on the horosphere is euclidean. 

19. Show that the equations x+y =/t(z— 1) and 2+- py =M(z+1), 
where t=tanh a/k, represent two pencils of branches of equidistant- 
curves, the first passing through the origin, the second throngh the 
point on the axis of x at distance 2a from the origin. Prove that the 
inverses of these systems with respect to a circle with centre Ὁ and 
radius 2a are respectively «+ μὲ = M?(z+1) and (a+ py) =h(2-1). 

90, Prove that the inverse of the pencil of straight lines x + py = kz, 
where  =tanh a/k, with respect to a circle with centre O and radius a, 
is the pencil of circles 2p*(x+py)=It[(p*+1)z+(p*-1)], where 
p=tanh ja/k. Show that the common points of this pencil are on 
the axis of x at distances from the origin equal to a and ὃ, where 
tanh }b/k =p*. 

21, Prove that inversion with regard to the absolute is represented 
by VA=1. Show that this transformation leaves every straight 
line unaltered, and changes the circle ar+by+cz+d=0 into 
ax+by+cz-d=0, i.e. interchanges the two branches of an equi- 
distant-curve. 

22. Prove that two successive inversions in the two branches of 
an equidistant-curve of distance αὶ sinh~*1, followed by a reflexion 
in its axis, are equivalent to an inversion in the absolute. 


CHAPTER IX, 
THE CONIC. 


1. A conic is a curve of the second degree, i.e. one which 

‘is cut by any straight line in two points. Since the equation 
of a straight line in Weierstrass’ coordinates is homogeneous 
and of the first degree, the equation of the conic will be a 
homogeneous equation of the second degree. In Cayley’s 
representation a conic will be represented by a conic. This 
is the chief beauty of Cayley’s representation, that the 
degree of a curve is kept unaltered. 

The projective properties of a conic are the same as in 
ordinary geometry, and it is only m metrical properties 
that there is any distinction. Since metrical geometry is 
reduced to projective geometry in relation to the absolute 
conic, the metrical geometry of a conic in non-euclidean 
space reduces to the projective geometry of a pair of conics. 
The metrical properties are those which are not altered by 
any projective transformation which transforms the 
absolute into itself The metrical geometry of a conic 
therefore reduces to a study of the invariants and co- 
variants of a pair of conics. 

We shall confine ourselves here to an enumeration of the 
different types of conics, and a few theorems relating to 
the focal properties of the central conics which bear the 
closest resemblance to those in ordinary geometry. 
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2. Classification of conics. 

In euclidean geometry, leaving out degenerate forms, 
there are three species of conics, according as they cut the 
line at infinity in real, coimcident or imaginary points. 
These are the hyperbola, the parabola and the ellipse. 
Also, as a special case of the ellipse, we have the circle, 
whose imaginary intersections with the line at infinity 
are the two circular points. 

In non-euclidean geometry conics are classified similarly 
with reference to their intersections with the absolute, 

Two conics cut in four points, and reciprocally they have 
four common tangents. The points and lines which a 
conic has in common with the absolute are called the 
absolute points and tangents. These elements may be all 
real, or imaginary or coincident in pairs. When two 
absolute points are coincident, two absolute tangents are 
also coincident. When two points are real and two ima- 
ginary, the same is true for the tangents. When the 
points are all real, the tangents may be all real or all 
imaginary. When the points are all imaginary, the conic 
must be within the absolute (for we need not notice a conic 
which is wholly ideal), and the tangents are all imaginary. 

Conics are therefore classified as follows : 

(1) Absolute points and tangents all real. 
Concave lupperbola, with two real branches concave towards 
a point between them. 
(2) Absolute points all real, absolute tangents all imaginary. 
Convex hyperbola, with two real branches, resembling an 
ordinary hyperbola. 
(3) Absolute points and tangents all imaginary. 
Ellipse, « closed curve. 
(4) Absolute points and tangents two real and two imaginary. 
Semi-hyperbola, with one real branch. 
N.-E, G. R 
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(5) Absolute points and tangents two coincident and two real. 
Concave hyperbolic parabola, two real branches touching 
the absolute at the same point. 
(6) Absolute points two coincident and two real, absolute 
tangents two coincident and two imaginary. 
Convex hyperbolic parabola, one veal branch and an ideal 
branch touching the absolute. 
(7) Absolute points and tangents two coincident and two 


imaginary 
Elliptic parabola, resembling an ordinary parabola, 
(8) Absolute points and tangents three coincident and one real. 
Osculating parabola, one real branch oscnlating the absolute 
at one end. 
(9) Absolute points and tangents, two pairs of each real and 
coincident. 
Hquidistant-curve. 
(10) Absolute points and tangents all imaginary and coincident 
in pairs. 
Proper circle. 
(11) Absolute points and tangents all coincident. 
Horocycle. 
In elliptic geometry the absolute points and tangents are all 
imaginary, and we have only ellipses and proper circles. 


3. The four absolute points form a complete quadrangle. 
The diagonal points form a triangle CCC, which is self- 
conjugate with regard to the conic and the absolute. Every 
chord through any of these points is bisected at the point, 
The points C,C,C, are therefore centres of the conic, and 
their joins are the azes. 

The four absolute tangents form a complete quadrilateral. 
Its diagonal triangle is formed by the three axes. In 
euclidean geometry the foci of a conic are the intersections 
of the tangents from the circular points. These are the 
absolute tangents, and we call therefore the three pairs of 


fx. 3 
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intersections of the absolute tangents the foci of the conic. 
Similarly the three pairs of joints of the absolute points are 
called focal lines. 

The polars of the foci with regard to the conic are called 
directrices. Two pass through each centre and are per- 
pendicular to the opposite axis. 


Fie, 126. 


The poles of the focal lines with regard to the conic are 
called director points. Two lie on each axis. ! 

In euclidean geometry the focal lines degenerate in two 
pairs to the line at infinity, The third pair become the 
asymptotes. Four of the director points coincide with 
the centre, and the other pair coincide with the points at 
infinity on the conic. In euclidean geometry the asymplotes 
are the tangents to the conic at the points where it cuts the 
absolute; but in non-euclidean geometry the lines which 


N.-E. G. π ἢ 
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most closely resemble the euclidean asymptotes are the 
tangents to the conic from a centre, and are therefore six 
in number. 


4, By taking the triangle formed by the centres as triangle of 
reference, the equations of the absulute and the conic can be taken 


in the form e+e te=0, axt+bi+c2=0, 
or in line-coordinates 
Ny See ae Be ὸς 
GP = te 


The coordinates of the common points are given by 
ess 2=b-c:c-a:a-b, 
and the coordinates of the common tangents 
£*: 9: G=a(b—c): b(e—a): e(a—b). 
The focus F, is the intersection of two absolute tangents 
Ja(b-e)a-+s/b(c -a)y -/e(a -b)2=0, 
νἰα(ὃ -- ογα - /b(c-a)y+./e(a-b)z=0; 
therefore its coordinates are 
0, Je(a—b), »/b(c-a). 
Ff,’ is the intersection of the other pair of absolute tangents, and 
its coordinates are 0, lea -ὃ = .- Jole-a) =a). 
If ὦ, d’ are the distances of a point P(x, ἡ, z) from By, Κι, 
ἡ οία - b)+2./b(c -- αἢ 
CO8 d= ———————— os 
Jat +9 +2 Ja(e—b) 
sind =i ¥V0(G-0) τ ενζίο - αὐ 
Va8 4-9 +2 /a(c -- ἢ 
σία -- b)yP -- δ(6 -- a)z*} + {h(a - bf - ofc —a)2*} 
(27 +47 +2*)a(c - δὴ 
tb (a-b)y?-(c~a)2_o+b 
e-b = a(a®@+oF +22) κα.) 


Hence cos(d+d’)= 


rx. 5] FOCAL PROPERTIES 261 


i.e. either the sum or the difference of the distances of any 
point on a conre from a pair of foci is constant. 

Reciprocally, either the sum or the difference of the angles 
which any tangent to a conic makes with a pair of focal lines 
is constant. 

A tangent makes a triangle with a pair of focal lines. 
In the case in which the sum of the interior angles is con- 
stant the sum of the angles of the triangle is constant, and 
hence the area is constant. This result may be compared 
with the property of a hyperbola in euclidean geometry, a 
tangent to which makes with the asymptotes a triangle of 
constant area. 


5. The conic, the absolute, and a pair of focal lines form 
three conics passing through the same four points. Any 
line is cut by these three conics in involution. Let the line 
cut the conic in P, Ὁ. the absolute in X, Y, and the focal 
lines in M, N. Then (XY, PQ, MN) is an involution. 
Let G, G be the middle points of PQ, so that 


(XY, PG)A(XY,GQ) and (XY, PG’)x(XY, G’Q). 
Then G, G’ are the double points of the involution, and 
(XY, MG)X(YX, NG)A(XY, GN); 


therefore G, G' are also the middle points of MN, 7.e. the 
segments delermined by the points of intersection of any line 
| with a conic and the points in which | cuts a pair of focal 
lines have the same two middle points. 

Reciprocally, the tangents from any point P to a conic and 
the lines joining P to a pair of foci have the same two bisectors. 

If P lies on the conic, the tangent and normal to the conic 
αἱ P are the bisectors of PF, PF’. 


6. Take a focus F with coordinates 
0, wc(a-b), Jb(e-a). 
The equation of the corresponding directrix is 
y δία -b) +za/c(c—a)=0. 
Let d be the distance of any point P on the conic from the — 
directrix and r its distance from the focus; then 
ἀπιει: _yNb(a -b)+2Ve(c—a) 
V+ p+2d(b—c)a—b—c) 
yb(a -- b) 4-2s/e(e —a) | 
Jat +P +22a/a(b -- οἢ 
Therefore <7 | 


sinr= 


i.e. the ratio of the sines of the distances of a point on a conic 
from a focus and the corresponding directrix is constant. ) 
Reciprocally, the ratio of the sine of the angle which a 
tangent lo a conic makes with a focal line to the sine of its 
distance from the corresponding director point is constant. 

7. It is interesting to obtain a geometrical proof of the focal 
distance property.' | 

Let 2 be the absolute and C any conic having four rea) common — 
tangents with ἢ, Let two pairs of the common tangents intersect — 
in the pair of foct #, Κ΄, Let P be any point on C. Join PF and 
PF’, cutting Qin X, Y and X’, Y’. Then we have to prove that 

dist. (PF) + dist. (P F’)=const., 
or, in terms of cross-ratios, 
log (PF, XY) + log (PF’, X’Y’)=const., 

i.e. either the product or the quotient of the cross-ratios is constant. 

Let XX’, YY’ cut FF’ in A and B, ΧΎ and XY’ cut FF’ in 
A’ and ΜΠ’, 

Then (PF, XY)Axy( FF, AA’) 
and (PF’, ΧΎΣΠΥ(ΡΡ', ΑΓ ΒΥΚΙΡΊΈ, BA’). 


1 For part of this proof I am indebted to Dr. W. P. Milne. 
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(PF, XY)+(PF’, ΧΎΞΙΡΊΈ, AA’\+(F'F, BA’)=(F’F, AB). 
Similarly (PF, XY).(PF’, X’Y')=(FF, A'B’). 

We have therefore to prove one of these cross-ratios constant. 


Four conics through the points X, X’, Y, ¥’ are Q: XY, ΧΎΨΎἢ 
XX’, YY’; XY’, X’Y. Let Q cut FF’ in U, V. We have then an 


Fie, 127. 


‘nvolution determined by (UV, #F’), and this contains also the pairs 
A, B and A’, B’. If therefore (FF, AB) is a given cross-ratio, 
A, B must be fixed points, : 

Now, supposing that A, B are fixed points, the point P is con- 
structed thus : 2 is a fixed conic and F, F’ two fixed points. — FF 
cuts 2 in fixed points U, V, and A, tis a pair of fixed points in 
the involution determined by (F F’, UV). 

Through F any line τὸ is drawn cutting 2 in X, Y. XA cuts a 
again in X’, and we get the line X’F’=w' corresponding tou. P is 
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- ; ᾿ ᾿ ’ 
the point of intersection of τι, w’. If F’X’ cuts Ὡ again in Κ΄, then μὰ pd oa 9 as ka jc ea 
YY’ cuts FF’ in B, the point corresponding to A in the involution have the same order, 

(FF’, UY). (Fig. 129). 

Since τὸ cuts 2 in two points, there are two lines x’ corresponding 
to uw, and similarly there are two lines u corresponding to μ΄, The 
rays τὲ, u’ are therefore connected by a (2, 2) correspondence. The 
locus of P is therefore a curve of the fourth degree. But when 
u coincides with FF’, so also do both the corresponding lines π΄, and 
vice versa; therefore the locus contains the line FF’ twice. It 
therefore consists of this line doubled and a conic. 

Also, if u is a tangent to Ὦ the two lines wu’ coincide, and P is a 
double point on τ. Therefore τὸ is a tangent to the locus of P. 
Hence the conic which is the loous of P touches the four tangents 
drawn from F, F’ to 2. 

Further, if P is taken on 2, X and X’ coincide with P: hence the 
tangents to {2 at its points of intersection with C pass through 
either A or 8. 

A, B are therefore the fixed points in which the tangents to ἢ at 
its intersections with C cut FF", and therefore 


(PF, XY)+(PF’, ΧΡ is constant. 


The foci F, F’ are real only when the absolute tangents are | 1, If the equation of the absolute is 22+-y°+ ir =0, prove that 
imaginary. the coordinates of the three pairs of foci of the conic 

In the case of the convex hyperbola the order of the points tia +yt/b+etje=0 
Ρ F, X, Y and P, F’, X', ¥’ is the same, and the difference of the : 


focal distances is constant (Fig. 128). ave (0, shal -% ν-Ὁ (+ta/-%, ες ν 3) 
| (rf thal -<, 0), 


where a=b-c, B=c-a, y=a-b. 


| lic geometry, where the equation of the absolute 
is propia ars ore that the equation z®/a+y*/b- Kat/o=0 
represents (1) an imaginary conic if a>0, b>0, c<0, (2) a oe ee 
if a, ὃ, c are positive and c does not lie between a and b, (3) an ": = 
ellipse if a<0, b>c>0 or δῦ, a>c>0, (4) a concave hyperbo 
if a, b,c are all positive and ¢ lies between ἃ and 6, (5) a convex 
hyperbola if a<0, e>b>0 or b<0, ec>a>0. 
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8. In elliptic geometry, prove that an ellipse, real or imaginary, 
has always one pair of real and two pairs of imaginary foci. 


4. In hyperbolic geometry, prove that the three pairs of foci are 
(1) one real and two imaginary for a real or imaginary ellipse or a 
convex hyperbola, (2) all ideal for an ideal ellipse or a concave 
hyperbola. 


5. A, B are fixed points and APB is a right angle ; show that the 
locus of P is an ellipse. If 4B=2a, prove that the real foci are on 
AB at a distance from Ὁ, the middle point of 4B, such that 


tanh x/k=tanh*ajk, or Ξε δ ἢ log cosh 2Qa/k. 

_ Hence prove the following construction for the foci: Draw OR 

making the angle AOR=TII(a) and cutting the circle on AB as 

diameter in R, R. Then F, F are the feet of the perpendiculars 
on AB from R, Κ΄. 

6. A, B are fixed points and P is a variable point, such that the 

angle APB is constant; prove that the locus of P is a curve of the 

fourth degree. 


7. A, B are fixed points and P is a variable point, such that 


AP BP 


is constant ; prove that the locus of P is an ellipse, 


8. Prove that the locus of a point, such that the ratio of the sines 
of its distances from two fixed points is constant, is a conic, 


9. A, B are fixed points and P is a variable point, such that the 
sum or the difference of the angles ARP, BAP is constant; prove 
that in each ease the locus of P is a conic passing through A and B. 


10. A variable line cuts off on two fixed axes intercepts whose 
sum or difference is constant ; prove that in each case the envelope 
of the line is a conic touching the axes. 


11, Prove that the product of the sines of the distances from a 
pair of foci to a tangent is constant. State the reciprocal theorem. 


12. Prove that the locus of points from which tangents to a central 


conic are at right angles is a conic meeting the given conic where 
it meets its directrices. State the reciprocal theorem. 
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13. Prove that the locus of a point which makes with two given 

ints a triangle, whose perimeter is constant, is a conic with the 
ἔν given points as foci. Show that the locus is also a conic if the 
excess of the sum of two sides over the third side is constant. 

14. Prove that the envelope of a line which makes with two given 
lines a triangle of constant area is a conic, Show that the — 
is also a conic if the excess of the sum of two angles of the triang 
over the third is constant. 

o τ᾽ = © represents, for all values 

15. Prove that aN Sak oth presen 
of A, a system of confocal conics. Peres 

. Show that in the conformal representation, in which s 
ee are cepreunted by circles, a conic is represented by a = 
curve having two nodes at the circular points, 3,6. a bicircu 
quartic. 
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— Pe Amicitia. By H. J. L. 1. Miassit, M.A, 

— De Senectute. “By A. S. Warman, BA 

Cornelius Nepos. Epaminonidas, Hannibal, 
Cato. By Η. L. Eart, M.A, 

Eutropius. Books 1. and 11. (x vol.) By 
Jj. G. Sréncer, B.A. 

Homer: Iliad. Book L By L. D. Wain. 
wrichT, M.A. 


Horace: Odes. Book 1, By C. G. Bor. 


τινα, B.A. 
—- Hook 11], Ἐν C..G. Botting, B.A, 
— Hook III. By H. Larrer, M.A, 
— book IV. By H. Larrer, M.A, 


Livy. Book IX, occ. Lxix. 


ὃ By W. C, 
FLAMSTHAD WALTERS, M.A, 


Livy. Hannibal's First Campaign in eh 
(Selected ag Book XXIL) By F. E. 
TRAVES, ἢ 

a Vera Historia, By R. E. YVares, 


Ovid : Metamorphoses. Book I. By G. FH. 
Weis, M.A, 

Selection from the 
By J. W. E. Pearce, ALA. 

—FElegiac Selections By F. Coverrey 
Surra, BLA, 

— Tristia. Book I. By A. E. Rocers, M.A. 

— Tristia. Book IIL By H. πὶ Woot- 
rvycH, M.A. 

Phaedrus: A Selection, 
CHuamurrs, ALA 

Stories of Great Men. Py Rev. F. Con- 
way, M.A, 


Virgil: Acneid. Book I, 


Metamorphoses. 


By Kev. RK. H. 


By Rev. E. Ἡ, 5. 


Escorr, M.A, 
Book If. By LL. ἢ, Watrwricnt, M.A. 
— BookIII. By L, D. Wainwarcrt, M.A, 
— Book IV. πὰ A. 8. WarMAn, B.A. 
-- Book V. J.T. Prititirson, M.A, 
Book VI. "ii yl LA Puittirsox, M.A. 
—— Books VIL, VIII, ΙΧ, X., XI, ἈΠ. 


By L. D. Wastewater M.A. 6 vols, 
—<+ Y'Selaction from Books VIL. to ΧΗ. By 
W. G, Coast, a A. 
Book IV. By L. Ὁ, Warne 


“Anabnsis. Books 1., 11, IL 
C. Manrcuant, M.A, 3 vols. 


ii 
WRIGHT, 


Xenophon: 


GREEK PLAYS (2s. each) 


Aeschylus: Promethens Vinctus. By C. E. 
LaurEnce, M.A. 

uae Alcestis. By E, H Braxeney, 
εὖ, 


Burtnides : Bacchae. By G. M. Gwvruer, 


— > pa By Rev. A. W. Urcort, M.A, 
— Medes. By Rev. T. Nicki, M.A. 


Bell’s Illustrated Classics—Intermediate Series 


Edited for higher forms, without Vocabularies. 


Crsar: Seventh Campaign in Gaul, 0.c. 52. 
De se Bello Gallico. Lib, VII. By the Rev. 
W. Coorworrny Comptos, M.A, as. 


net. 

— De Bello Civili. Rook 1. ay the Rev. 
ἊΝ J. Bexs.ey, M.A. σε, 6d, net. 

Livy. Hook XXL sodteed by F. E. γῇ ‘TRaves, 
M.A, os. δ ἢ, ne 

Tacitus: ῥγεότιανς By J. W. E, Pearce, 


fig = Sy 


With Illustrations and Maps, 


Sophocles: Antigone, By G. H. Wetts, 
M.A. as. θη, ret. 


Homer: τ an 
CHANT, M.A, 


Athenians in Sicily. Being portions of 
‘Thucydides, Books VI. and VII. By the 
Rev. W. Cooxworray Comprox, M.A 
af. Of, DCL 


Book I. By E. C. Man. 
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Bell’s Simplified Latin Classics 


Edited, with Noles, Exercises, and Vocabulary, by 5 ’ 
Crown S$vo. With numerous Elustrations, 


Hospital, Horsham. 


. E. Wixsout, M.A., Christ's — 
Is. Ga, each. 


FIRST LIST OF FOLUSMIES, NOW READY 


Cewesar’s Invasions of Britain. 
a 8. of Rome. 
Vergil's T of Troy. 
Vercil’s Athietic os rts. 
Simple Selections 


Cicero’s Letters. 


Cmsar’s Fifth Campaign (from De Dell 
Crallico, Book V.} “ > , 


Satust’s Agricola 


Uniform with * Bell's Simplified Latin Classics.’ 


logues of Roman Life, 
without Vocabulary. τ 


By $. E. Winnowr, MLA, 


"ων, 8vo, Illustrated, With or 


Latin and Greek Class Books 


Bell’s Illuctrated Latin Readers. 
Edited by E..C. Mancuant, M.A. 
Pott vo. With brief Notes, Vocabularies, 
and HuMeraus Iiustrations, τὰ. each. 
A Selection of Simple 
Stories for Transkution into Enalish. 
Scalae Mediae, Short Extracts from 
Resi ius and Caesar. 
ed te Selections in Prose and Verse 
ys a Phasdras, Ovid, Nepos and Cicero, 


Latin Picture ‘Caras. Edited by Prof. 
Frank 5. Geancner, M.A, Sixteen cards 
ted in colours, with Voenbularies and 
CNercises. 132. 3. et eS ταν 
Bell's ustrated Latin Course, for 18 
First year. In three Parts By E. C. 
Mascuant, M.A., and 1. G. Srasicei, B.A, 
With numerous Ilhustrat ons. τς Ge. each. 
Latin Unseens. Selected and arranged by 
E. CG. MarcHant, M.A. αἱ 
Latin Reader (Verse and Prose) By Ἧς 
ΠΗ ete M.A., and H. 1. ANDERSON, 


Latin’ of Ε΄ the Empire (Prose and Verses, 
By W. Kin Gita M.A., and A. RB, 


Commie, M.A, ες, Gif. 
Exercises in Latin Prose Com- 
spon ek EK, A. Weis, M.A. With 


Materials s for Latin Prose Composition. 
By the Rev. P. Frost, M.A. 2s. Key, 4s. net. 
Passages for Translation into Latin 
— By Prof. H. Nerriesum, M.A, 
Rey, 45. 6c. net 
Translations from Nepos, Caser, 
asy 1 Li &ec., for Retranslation into 
Latin. By t σόν, M.A. 2s. 


Memora Latina. Ἐν". W. LEVANDER, 


rest miestions on the Latin 

ons on 
Ry F. W. Levanperr, F.RAS. rs. Ga, 
La Syntax Exercises. By L. D. 


Warnweiaut, M.A. Five Parts. 8a. each. 


A Latin Verse Book. el ΓΒ Rev. P 
Frost, M.A, 25. Say 
tin Elegiac Verse, ᾿ Exercises in, 
Bythe Rev. J. ῬΈΝΚΟΒΕ, ὡς, Key, 3s. 6a. net. 


Bell's Concise Latin Course. Part . 
ἵν EK. C. Marcuant, MLA. and J. G. 


Srexcex, B.A. σε. 


Bell’s Concise Lat'n Course. Part Il. 
By E. C Makcuanxt, M.A, and S&S. E. 
Winvout, M.A. 5: Οὐ, 

Cothurnulus. Three Short Latin Historical 
Plays, by Prof, FE. V. Arsnoun, ΤΥ, ἢ, 
With or without Vocabulary, ts, Vocalu- 
lary separately, 4-4. 


| Easy Latin Plays. By M. L. Newman. δ. 


Eclog@ Latine; or, First Latin Reading 
Houk. With Notes and Vocabulary by the 
lat: Rev. FP. Prosr, M.A. τὰν Gut, 

Latin Exercises and Grammar Papers. 
By T.. CoLiins, M. A. 25. δ, 

Unseen Papers in Latin Prose and Verse. 
By T. Comins, M.A. 2s. δα, 

liorum Silvula. Part 1. Passages for 
Translation into Latin Elegiac and Heroic 
Verse. By H. A. Honpes, LL.D, ἡ. τς 

How to Pronounce Latin. By J. 
Posreatr, τὶ ἢ. τὰς net 

Res Romanae, being brief Aids to the His- 
tory, Geograpliy, Literature and Antiquities 
of Ancient Rome. By E. P. Co.ixrpae, 
M.A. With 3 maps. 2s. δεῖ, 


Climax Prote. A F rat Greek Reader. 
With Hints and Vecabulary. By FE. Ὁ, 
sine 2 hp M.A. With 30 illustrations 
1s, 


Greek Verbs. By J. 5. Barro, ΤΟ, Ὁ, os. δεῖ. 
Grveca Minora. With Notes and 
Dictionary. By the Rev. P. Frost, M.A, 
nseen nseen Papers in Greek Prose and Verse. 
Ky Τὰ Contins, M.A, 34, 
Notes on Greek Accents, By the Rt. Rev, 
A. Barry, D.D. 1. 
Res Graecae, Being Aids to the study al 


the History, Geography, ogy, and 
Literature of Ancient Athens. Ry ᾿ P, 


Cotempce, M.A. With 5 Maps, 7 Plans, 


and 17 other illustrations. 53, 
Notabilia Quaedam, 1s, 


oe G. Bell & Sons’ 
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LATIN AND GREEK — continued 
Other Editions, Texts, &c. 


Anthologia Latina. <A Selection of Choice 
Latin Poetry, with Notes, “By Rev.-F. Sr. 
Joux Trackeray, M, A. τόπο. 45. 6d. 
Anthol 

Greck Poets. By Rev. Fr Ste Jous 

Tuackeray, M.A. imo. 41. bef. 
Aristophanis Comoediac. Edited by H. A. 

Hotvex, LL.D. Demy 8vo. 18s. 

The Plays a ada Acharnenses, a5. 1 
Vequites, τα, Vespac, 2s. Pax, as, 
emg ai et Thesmophoriazusae, 45. 5 Aves, 

Ranae, 25.; Plutus, 2. 
Catulius. Edited by J, P. Postcare, M.A., 


Lirt.D. Feap. 8vo. ἜΞΞ ὦ Satieat 
ec Tim. τ y 
re pete Bye, Cloth, τῆς. 


Mundus Alter et Idem. Edited as a 
oe Reader by H. J. Axnerson, M.A 


Horace. The Latin Text, with Conington 5 
Translation on opposite pages. Pocket Edi- 
tion. 4s. net; or in leather, 5s. net, Also 
ina vols., limp leather. ‘The Odes, 2s, net; 
Satires and Epistles, 25. 6d, net. 

Livy. The first «os Rooks. PRenpevIL.e’s 
edition revised by J. Sh Fraese, M.A. 

_ Books L, IT, Il. 1V. V. eRe ete, 

Lucan. The Pharsalia. By C. E. Has- 
kins, M.A. With an Introduction by 
W. E. Herriann, M.A. Demy Svo. τῶν, 

Lucretius. Titi Lucreti Cari de 
rum natura libri sex. Edited with 
Notes, are tees and Translation, by 
the late H. J. Munro. 3 vols. 8vo. 
Vols, 1, βοΐ ἯΙ. Introduction, Text, and 
Sage Ὧν PS ITT. ‘Transition, ὅς, 

Ovid. bene roi Book XIII, 
With ented τον and Notes by Prof. C. Ἡ, 
Keene. M.A. as. Gel. 


A Selection from the. 


Te- | 


Ovid. The Metamorphoses. Book XIV. 
With Introduction and Notes by Prof, 
(. H. Keexe, M.A. 2s. ὑπ΄. 

.", Books ἈΤΙΠ, and XIV. together, 35. ἐσ 


‘Persius. A Persii Placcl Satirarum . 
Liber. Edited, with Introduction and» 


Notes by A. Peerox, M.A. 3s. δεῖ net. 

Plato. The Proem to the Republic of 
Pinto. (Book l.and Book II chaps. 1-10.) 
Edited, with Intreduction, Critical Notes, 
and Cominentary, by Prof, Ὑ, Ὁ, TUCKER, 
Livr.D 

Petronii Cena Trimalchionis. Edited 
and Translated by W. ἢ, Τόν, M.A, 
1:. 6a. net. 


Propertius. Sexti Properti 


recognovit J. P. Postaatr, Lirt.D. χἴο, 
11. net. 
Rutilius: Rutilii Claudii Namatiani de 


Reditu Suo Libri Duo. With Introduc. , 


tion and Notes by Prof, C, ΕἸ, Keene, M.A., 
and English Verse ‘l'ranslation by Ὁ i 
SAVAGE ARMSTRONG, M.A, 74, δε, net, 


Theocritus. Edited with Introduction and 
Notes, by R. J, CHotmMetey, M.A. Crown . 


Bvo, 7. Gd. 
Theo s. The Elegies of Theognis, 
other Elegies included in the 


Theognidean Sylloge, With Introduc. " 


tion, Commentary, and Appendices, 

1. Hvupson Wieitams, M.A. Crown Pt 
os. δεῖ, net. 
Thucydides. 
onnesian War. 
‘ollation of the 
Rk. Βηημετο, M.A, 

Book 11. 5s. Ged. 


With Notes and a 
. Hy the late 
Book L, avo, és, Get, 


Bell's Classical Translations | 


Crown Svo. Paper Covers. 
Demosthenes on the Crown. Translated — 


Zeschylus: Translated by Wattrer Heap- 
1AM, Litt.D., and C, ἘΠ 5, Haptam, M.A, 
A inethnon—The Sippbat Coon 
a aaienides 3 rometheus Bound — Per. 
Pecuicaas against ‘Thebes, 


τὰ Μὴ τ ΞΕ: + The Acharnians;  Trans- 

Ngee W. H. Covincron, B.A. 

—— The Plotus. Translated by M. T. 
Quins, MLA, 

Cmsar’s Gallic War, Translated by W 
M'Devitte, FLA. 2 Vols. (Books I. Ww 
and Hooks V.-VIL.). 

Cicero: a and Old ‘Age. Trans- 
lated by ὦ. H, Wru.s, M.A, 

- Orations. Translated hy Prof, C.D 


τ Fatt M.A. 6 vols, Catiline, Murena, 


Sulla and Archias {in oneveol.} Manilian ! 


Law, Sextins, Mile, 


tr. each 


by C. Ranw KRennepy 


Euripides T panko: by E, P. Co-entpce, 
14 Vols. 


Medea—Alecestis — Heraclei- 
de Hipbol us— Su 
—Andromache — Ba 
cules Ε 


plices—Troades—Ion 
— Hecuba — Her- 
restes—Iphigenia in Tauris, 
Books 1. and []., Books 
Rooks VII. -VILI., 
“Rooks XL. -XI1., Rooks XIUL- 
Backs "XV. and KVL, "Books X VIL. 
and XV 111., Books XTX. and XX. Trans- 
lated by FE. H. Buaxuney, M.A. τὸ vols, 
—- Pook XXIV. ‘Translated by EF. H. 
BLAKENEY, M.A, 
Horace, ‘Translated b 
Brvcn, LL.D. 4 vols. 
—Odes, “Books 11, and ΕἾ, 
. Seculare and i Epodes— ‘Bathies—Kpisies ot 
Ars Postica. 


ἃ. HamuIron 


The History of the Pelo- ἡ 


‘Oiles., Books 1. phi Bate 


a - -- 


Select E ducational Catalogue δ 


Bell’s Classical Translations—continwed 


Livy. Books 1, Il, I1L,1V.. Translatedby | 
jock FREESE, M.A, With Maps. 4 vols. 


— Books V.iand VI. Translated by Εν 5. 
Wervyaoutn, M.A.Land. With Maps. 2-vols. 

— Book IX. Translated by Francrs 
Storr, M.A. With Map. 

— Books XXL, XXIL, XXL Trans- 
lated by J. Bexwarp Baker, M.A. 3 vols. 


Lucan: The Pharsalia. Book I. Trans- 
lated by Ferngricn Conway, M.A, 


Ovid's Fasti.. Translated by Hewnrv T. 
Rivey, M.A, vols. Rocke I, and 1].-- 
Books ΠῚ. and TV.—Books V, and VI. 

Ovid's Tristia. Translated by Haney T. 
πεν, M.A. 

Piato: Apology of Secrates and Crito (1 vol.), 


Phedo, and Prota amen Translated by H. 
Cary, MLA. 3ν 


Plautus: Trinummus. Aulularia, Menachmi, 
Beas and Captivi. T ranslated by Henny 
T. πεν, M.A. 4 vols. 
Sophocles, Teepe by Ἢ P,, Cons. 
RIDGE, M.A. vols, Antigone—Philoc- 
tetes—(Edipnus "Rex Cidipes Coloneus— 


Electra—Trachinie: — ἌΝ 
E. C. MarcHant, M. ἐξ 

--- Book VIL Translated by Ἐπ C. Mar- 
cHant, M.A, 

Vi Translated hy A. Hasitron BRYCE, 
Li. 6 vola,  Bucolics — Georgics — 
Aeneid, τ. _ neid, 4-6—Eneid, 7-9— 


Ainetd, 10-12, 

Xenophon's Annubasis. ‘Translated by the 
Rev, 1. 5. Ma cela M.A. With pea Ἢ 3 
vols. Books I, and I1.—EBooks ἯΙ], 
and V.—Hooks VI. and VII. 

— Hellenics. Books 1. and 1]. 
lated by the Rev. H. Date, M.A. 


Trans. 


*.* For other Translations from the Classics, see the Catalogue of Bohkn’s Libraries, 
whick will be forwarded on application 


MATHEMATICS 


Full Catalogue of Mathematical Books post free on application 
Cambridge Mathematical Series 


Public School Arithmetic. By W. M. 
Baker, M.A., and A. A. Bourn, M.A, 


qs. 62. Or with Answers, 45. Get, 

The Student's Arithmetic. By W. M. 
Baxer, M.A., and A. A. Bourne, M.A, 
With or without Answers. : 2s, Ge. 


New School ArHIRB ORS. By C, Pennowe- 
bury, M.A., and F. E. Rouinsox, M.A, 
With or without Answers. 45. 6¢. In 
Two Parts, as. 6a. each, 

Key to Part IL, Be. Gul, net. 

New School Examples in ἃ separate 
volume, a. Or in ‘Two Parts, τὸ, δι, Ὧν τῇ 

Arithmetic, with foo ye By C 
PENDLEBURY, M.A. 4s. 6a’ n Two Barts. 
2s. 6¢, each, Key to Part 11, 75, Ge, net. 

Examples in Arithmetic. Exiracted from 
the above. gf. Or in Two Parts rs. xf. 
and 25. 


Commercial Arithmetic. By C. Prxp.e- 
nuUrV, M.A., and W. & Bearo, F.R.G.S. 
os. 6d. Part 1. separately, ts. Part IL, 1s. Gat 

Arithmetic for Indian Schools, By C. 
PexoLesury, M.A., and T. 5. Tair. 39. 

Examplesin Arithmetic ByC, O, Τυσκεν 
M.A. With or without Answers. 5: 

sg fa Practical Mathematics. By W, 

. Sratwer, BA. 2s., with Answers, as, Ge, 
Part lL, 1. aay, with Answers, ts, 6a. 
Part 1. τος 4d. 


| Elementary Algebra. 


By W. M. Banger, 
M.A. and A. A. Bourne, MLA. New and 
Revised Edition, 4s 6a. Also Part 1, 
2s. δα, or with Answers, 3s. Part I1., with 
or without Answers, 2. ὑπ, Eey 108, net ; 
or in 2 Parts, ss. net each. 

A Shorter Algebra. Ey W. M. Baxnr, 
M.A., and A. A. Bourwe, M.A. 22. 6, 


Examples in Algebra. Extracted from 
e, With or without Answer, 3s. Or 
in Two Parts, Part L, +s. 6@., or with 


Answers, as. Part If., with or without 
Answers, as. 
ples in Algebra. By C, O. Tuckey, 


M.A. With or without Answers, 35. 
— Supplementary Examples. 6.’. net. 


Elementary eh for use in Indian 
+ age By j. ‘T. HarsorntTuwalite, 

Choice and Chance. By W. A. Wurr- 
wortH, M.A. sa. 6a. 

— DCC Exe ges, including Hints for the 
Sulution of all the Questions in " Choice 
and Chance.” 65, 


Euclid Books 1.—V1., and part of Book XI. 


By Hosxace Detcurox, M.A, 4s, 6¢., or 
in separate bouks, 
Introduction to Euclid. By Horace 


Dergutor, M.A., and Ὁ, ταῦ, B.A, 
is. Gof. Ἁ 


6 G. Bell & Sous’ 


i Ὁ  οἝ. 


,» Cambridge Mathematical Series -- wxsinued 


Euclid. Exercises on Euclid and in Medern 
Geometry. By J. MeDowwt.1, M.A. 6s. 
Elementary Graphs. By W. M. Baker 

M.A., and A. A. oni M.A bd. sib, 
A New Geometry. By W. M. Baxre, M.A., 
and A. A. Bourxe, M.A. Crown 8vo, 2s. δεῖ, 
Also Books 1..1}]. separately, 12. δι 
Elementary Geometry. τ ἀρᾷ M. Baker, 
M.A., and A. A. Bougne, M.A. 4s. 6a. Or 
in Parts. Answers, δέ. net. Key, δὲ. net. 
Examples in Practical Geometry and 
Mensuration. By |.W. Manstats. M.A., 
and C. ἢ, Tuckey, M.A. τὰ 64 
Geometry for Schools. Hy W. ὦ, Bor. 
cuanpt, M.A..and the Rev. A.D. Pesrort, 
M.A. Complete, 4s. Ga. : also Vol. I. 12. ; 
Vol. 11. τὸ δι : Vol. WL, 1: Vols. 1.- 
111. 2, Gd; Vol. ΤῊΝ, 15,3 Vols, 1.-1V., 
~; Vol. V., τὸ + Vol. VIL, 1. Ge. : Vols, I.- 
EE ΕἸ Gu’. ry Vols, IV.-V., oe 
A New Trigonometry for Schools. by 
ἮΝ ὦ. Borcuakpr, M.A., and Rev. A. Τῇ. 
Perrorr, M.A, 4s, 6, Or Two Parts, 
a, Gf. each, Key, tos, net; or 2 Parts, ss, 
net each, 


Trigonometry. By W. G. 

Borcvuarpr, M.A., and pd Rev. A. D, 
Parrorr, M.Al 2s. Gif, 

Junior Trigonometry, By W. ὦ. Bor- 
CHAKDT, M.A., and the Rev. A, D, Perrorr, 
M. A. ee δ, 

Elementary Trigonometry. MyCuasces 
PExvLEsuRy, M.A. FLAS. as, δὲ. 

Short Course of Elemen Plane Tri- 
ie ae By Cuarues Pexpienury, 
Ξε δ ς δι 

entary Trigonometry. by J. Μ. 
νην, M.A., and the Rev, ΒΕ, iH. Ware. 
comok, MLA. as, Ge, 
gfebraic etry. Py W. M. Barre, 
M.A. ὅν, Part I. (The Straight Line and 
Circle), ὡς, 67. Key, γα. δι, net. 

tical Solid Geo 


Preecy Unwin, MLA, 
mal Rice Geometry for 
Ry Rev. Τὶ G. Vyvvan, M.A, 
Straight Line and Cirele, oy, δε, 

Conic Sections, treated Geometrically. Ἐν 
W. H. Besant, Sc.D., FLR.S. 45. οὐ Key, 
κα, net, 


Beginners. 
Part 1, The 


a ἀσπαιυν-- ἀπ. οὐδ 


Elementary Conics, being the first 8 chape 
ters of the above, os, Hef, 


Conics, the Elementary Ge 
By Rev. C. Tavtor, 1}, ἢ, Bit ae αν 95 


Calculus for Beginners. Ky W. Μ. 

BaksR, M.A, τὲ Γ Ἢ 

DiSerential Calentns ΤΣ inners, 
fo 2 DGGE, a aie th l troducuo0n 

St Ouiver Lopcr, 4s, bd. ‘ Σ 


mitegral Calculus for Beginn : 
A. Lonse, M.A. 4 6c. ὁ ae 
Roulettes and Glis-ettes. By W. Ἡ. 
Besant, 5c.D., F.RS, ey, 
Geometrical Optics, An EI ti 
‘Treaties by W. Aung, M.A. Pag ra 
Practical Mathematics. ly H. A. STERK, 
M.A., and W. H. Toruan, 65. + or Part I. 
we. Ge. > Part I., τις Ga’, i 
Elementary Hydros' atics. By W. Ἢ. 
HEsANT, Sc.D. 43. Ge. Solutions, sx, net, 
Elements of Hydrostatica. By C. M. 
Jussor, M.A., and G. W, Caunt, M.A, 


tary Mechanics. Py C. M. Jessop, 


M.A. and J. H. Havetock, M.A. D.Sc. 


: rimental Mechanics for Schoole, 
By Feen Cannes, M.A. and ἵν. H. 
Hewirr, B.A. Sc. 3s, 64 

The Student's ) 
Statics aml Kinetics 
M.A., FIRS. 35, Gal 


“es. Comprisin 
Hy ὦ, M. ΜΉΝ, 


ΕΟ Dynamics, Ey W. Μ, 
Baker, M.A. New Revised Edition, 5. δι, 
Boat το, ne 
omen . By W. Garner 
D 8, A Treatise on, By W: HH. 
SESAXT, Sc.D., FLR.S. tos. Ged. 
Heat, An Elementary Treatise on, By W 
GiAKNETT, M.A., DCL. as. Gud. 
Examples and Kx- 
By W. Ganratiy, 


amination Papers in. 


ALA. gs. 
Mechanics, A Collection of Problems jn 
Elementary, By W.Watron, MA. és, 


Cniform Volume 
Geometrical Dray - For Army and 
other Examinations. By R. Hants. 35, Gd. 


The Junior Cambridge Mathematical Series. 


A Junior Arithmetic, Ry C. Pexn:recry, 
M.A. and FLE. Rowinsox, ΜΑΙ, ὦ δὲν 
With Answers, 2s, 


Exan nla3 from a Junior Arithmetic, 
Fextrxcted from the above, zs, With 
Answers, or. Gd, 


A First Algebra, My W. MM. Barer. 1. 
ond AL A. Bourse, MLA, 4a. 64. + or ay 
Answers, a6. 


A Pirst Geometry. fy W. Μ. Rarer, 


i 


Elementary Mensuration. 


M.A, and A, A, Tourn, ὃ A. Wi 
without Answers, 1s. ἀπ. y Ml ith or 


ty WL OM, 
Raker, M.A., and A.A, Hovkne, M.A. τς, Ge, 
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Other Mathematical Works 


The Mathematical Gazette, Mdited by 
ἊΝ, 1. Gruenstemet, M.A. (Jan, March, 
May, July, Oct. and Dec.) τα. Ga, net. 


The Teaching of Elementary Mathe- 
matica, being the Reports of the Committee 


of the Mathematical Association, 6a. net. 
The Tea of Elemen Algebra 

and Ni cal Tri metry. Being 

the Report of the Mathl Assoc, Commuttes, 


τη, 34. net. . 
A New Shilling Arithmetic. Py Ὁ, 
Prxpiepury, M.A., and Εν ὦ. Rontnson, 
M.A. ταν ἢ or with Answers, τὰν qrf. 
Shilling Arithmetic. Dy CiArurs 
Penpiusury, MLA. and W. 5. Brann, 
F.K.G.S. 1. With Answers, 1. 46, 


Arithmetic. Py CHan.es 


Pexpiesusy, M.A. With or without 
Answers. 1. 6a. 

Preparatory Arithmetic. By Cuar.es 
τ το ποτ M.A, With or without 


Answers. τ. δεν 


Problem Papers for Preparatory 
Schools (arithmetic). By Ἷ Coorrer 
Surrn, BA, 1s. Get. 

Bell's Indoor and Outdoor Experi- 

: thmetic. Hy H. H. Goop- 

acke, F.R.G.S. Parts L-TIL, 


Graduated Arithmetic, for Junior and 
Private Schools, By the same Authors, 
Parts 1, 1 and ΠῚ. sd. each ; Parts ΤΥ, 
¥..and V1, 4@, each; Part VIL, Gu. 

Answers to Parts 1. and [L., μὲ, net; 
Parts 111.-VI1., gef. net each. 

Arithmetic for the Standards (Scheme 
1: Standard J., sewed, 24., cloth, 3. ; 
1i., 11].. TV., and V., sewed, 30], cach, cioth, 
“αν ench } VIL and VII, sewed, ga. each, 
cloth, 6a, each, Answers to each Standard, 
ad, met each, 

Exercises and Examination Papers in 
Arithmetic, Logarithms and Mensura. 
ton. ἣν C. Pespresvury, M.A, .28. Gd. 
New Edition. 


Test Cards in Arithmetic (Scheme ©) 
By C. Pexoninury, M.A. ForStandnards!t 
IIL, 1V., V., Vi. and VIL. as neteach 

Public School Examination Fapers in 
Mathematics. Compiled by P. A. μεν" 
sHaw, LA, τὰ δα, 


Bell's New Practical Arithmetic. ly 
W. J. Svaixar, M.A. st, and, 5rd, gth, 
sth ancl 6th Years, paper, 3. each, cloth, 

ἡ, each; 7th Year, paper, 4¢., cloth, Gat. 
Teachers’ Hooks, fe. net ench Vear. 


Bell's New Practical Arithmetic Test 
Carda, for the and, 3rd, qth, 5th, 6th, and 
jth years, 1s, 3a. net each, 


Graduated Exercises in Addition (Simple 
and Compound) By W.S, Bearp. τὰς 


Algebra for Elemen Schools. ey 
W. M, Baker, ΔΙΑ, A. A. Bourse, 
M.A. Three stages, δ], each. Cloth, Si. 
each, Answers, qs. net each, 


a Ei Tease tier 

ΠΗ͂, y 7 RNEST ἌΝΩ ΓΤ Τα 

wae Ge ea Pas Laat ile cee oe 
Part 1]. Trea 


rizonome Examination Papers in. 
gi Rito, M.A. 25. 6a. Key, 54. net. 


Euclid, The Elements of. The Enunecia- 
tions and Figures, By the late J. Brasse, 
DD. ss Without the Figures, δε, 


Hydromechanics. By W. H. Besant, 
50 ἢν and A. Κι. Ramsey, M.A. Part 1, 
Flydrostaties, gx. 6. net. Part 1L,, Hydro- 
dynamics. By A. 5. Ramsny, M.A. tos, 6a, 
πεῖ, 

dro es and Sound, An Elemen- 

ny ha sp By A. αὶ Hassirr, M.A, 

F.R.S. Bs. 


The Geometry of Suriaces. 
Basset, M.A., FLR.S. τος, Gat. 


men Treatise on Cubic and 
ἘΝ artic Curves. By A. B. Basser, M.A, 
Py oh τῶ, bi. 


Analytical Geometry. By Rev. T. G. 
he M.A. 45. δαὶ 


By A. B. 


Rook-keeping 


Book-keeping by Double Entry, Theo- 
retical, Pra tical, and for Figanitiuntion 
Purposes, By J. Τὶ Meouunstr, AK.C., 
F.S.5. τῷ Gut. 

:-keepil Examination Papers in, 
ais? led by ΗΝ T. Meonursr, AJK.C., 
ES. Ἢ, Key, 2s. G7. net, 


Book-keeping, Graduated Exercises and 
Examination Papers in. Compiled by P. 
Murray, ΟΝ F.Sc.8, (Lond.). 2s, 67. 

Text-Book of the Principles and Prac- 
tice of Book-kee and Estate- 
Office Work. By Prof. A. W. Titossox, 


B.Sc. 54 


8 res Bell & Sons 


ENGLISH 


full Catalogue of English Books post yree on application, 


Mason's New English Grammars. Re- 
vised by A. J. Asuwron, M.A. 
A Juntor English Grammar. τς. 
Intermediate English Grammar. 2s. 
Senior Engiish Grammar. 3s. 6a. 
_ Works by C. P. Mason, B.A., F.C.P. 
First Notions of Grammar for Young 
Learn 


ers. tf 
Firat Stepa in English Grammar, for 
Junior Classes, 14, 
Outlines of English Grammar, for the 
Use of Junior Classes, 2s. 


ish Grammar; including the principles 
of Grammatical Analysis, 3s. fd. 


A Shorter English Grammar. --. é. 
Practice and Help in the Analysis of 
Sentences, 2s. sd 


English Grammar Practice. τε, 


Elemen English Grammar through 
Composition. Hy J. D. Rose, M.A. rs, 

Advanced English Grammar through 
CODON. By σὴν ἢ. Ross, Mok. 
as. Gif. 

Aids to the Writing of English Compo- 
sition. By Ε W. Bewsner, B.A. τας net. 


Preparatory English Grammar. By | 


re | 
W. Benson, M.A, New Edition. a. net. 
Rudiments of English Grammar and 
Analysis 


. By Erxnest Abas, Pu. D, σε, 
ples for Analysis in Verse and 


Prose. Selected by FO Epwarps. rs, 

The Paraphrase of Poetry, By Enmenn 
CANDLER, 11, 

Essays and Essay-Writing, for Public 
nay Faae tions, By A. W. Reapy, B.A. 
#. * 

Précis and Pricis-Writing. By A. ἣν. 
Reapy, B.A. 35.67. Or without Key, 2s. 6. 
latriculation Précls. Ἦν 5. E. Wixsorrt, 
M.A. is. net. Key, 6d. net. 

Elements of the English Lan a. B 
Ernest Abams, ἘΠῚ}, Revieed oy J. Ἢ 
Davis, M.A, D, Lrr. it. oer. 

History of the English Language. ΕΒ 
Prof. T. R. Lounswvry, sa. net. υ 

The Teaching of English Literature in 
the Secondary SchooL By R. 5. Bate, 
M.A. os. Gd. net. 

An Outline eae Of English Litera- 
tare. By W. H. Hvogon. σὲ. 64. net. 

Representative Extracts from English 


terature. By W.H. Hunson. as. ΟΝ. 
net, 


Ten Brink's Early English Literatars 
4 vols, pie each, we 


Introduction to English Literature. 
Ry Henry S. Pascuast, ss. net. 


A First View of English Literature, Ry 
Hiexzvy S. Pancoast and Percy Van Dyxx 
SHELLY. Crown 8vo, κὰν met, 


πὰ τ τὰ ον to American Literature, 
v | 


: ἢ, PANCOAST. 4 Gu. net, 


The Foreign Debt-of English Literatura. 
fy T. G. Tucker, Livr,D. Post Βνο. δὲ. 
net, 


wine Prot Re τ ἐπ ee a τῆ : 
Teter act cosh ys 
oe ce (1346-1400.) By F. J. 
Mh Ag of Trapston, (το ἐσθ). Ry 


The AgeofShakespeare. (1 79-2631.) By 
2 vols; Vol. 1, Pottry and Prose. 


The Age of Milton. (1632-1680.) Hy the 
οὐ ρώ ἘΣ B. tg me M.A., 
wit uction, etc. » Β 
MULLINGER, M.A. Th AOE ser 

The Age of Dryden. (1660-1 B 
R. Garsert, i D., C.B, ἘΝ ΝΣ 


The Age οἵ Pope. (1700-1744.) By Jou 
Dennis. 


The Age of Johnson, (:744~1792.) By 
Tromas ΒΕ ΠΕ. 

The Age of Wordsworth. (17928-1832. 
By Prof C. H. Hearory, Weep 3) 


The Age of Tennyso 1830-18 
Prot Hee ἘΣ ΚΝ: erste) By 


Notes on Phakespeare peare's Plays. By T. 
Durr Barnett, B.A. ας, prin 7 
Midsummer Night's Dream. — Julius Cesar. 
~The Temype t.—Macheth.—Henry ¥. - 
Hamlet. — Merchant of Venice. — King 
Richard Il.—King John.—King Richard 
H1i.—King Lear,—Coriolanus, — Twelfth 
Night.—As You Like It.—Much Ado 
About Nothing. 


Principles of English Verae. By C. M. 


Lewis. ss. net. 


aa 


_ Introductionto Poetry, By Raynonp ΜΙ. 
af. 


ALDEN, 


General Intelligence Papers, With 
Exercises in English Composition, By ὦ, 
LLUNT. 25. 6d. 
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Bell’s English Texts for Secondary Schools 
Edited by A. GUTHKELCH, M.A. 


. _and other | Charles Reade’s The Cloister and the 

pas berraal  fe Seg py mond Bui’. Hearth. Abridged and edited by the Rev. 
Poetry. Selected and edited by A. Ε΄ Ha, BA. 14, 

R. 5. Bate, M.A. ts. 


ztho angl Old En 
Hawthorne's Wonder Book and Τ' τ by A. GUTHKELCH, M.A. 14. 
Rood Fa es ETS | abeate Ve A Selection edited by 


Kingsle eroes the RK Ἢ ty BA. τ 

‘ = 33 H. Porp the Rev. A. Bb. HALL, i 

BLA Wits maps. aig γι " | Selections from Boswell’s Life of 

Lamb's Tales from Shakespeare, Se- | | Johnson, died by FA. J. Mansi ταὶ 
lected and edited byR.S. Bare, M.A, τοῦς | Selections from Ruskin. Edited by H. 


Lamb" tures of Ulysses. Selec. Hamrsuine, M.A. : ᾿ j 
: ci fires A. ὃ δι wsTan, Pu.D, Ea, Lockhart’s Life of Scott, Selections edited 


by A. Barrer, LL.A. 1. 
Stories of King Arthur, from Malory | | nm 
gq Tonnyson, ied by KS Bash, | ημρε Eanes by A Comat, SA 
| megan of Enid, from Tennyson and With Map of London. 12. “1. 
ὰ Mabinogion. Hy H. A. Τῆι, a sia oon Bi Lain Edited by 
M.A. rod, ‘ LIZA ‘ ᾿ | 
Scott's A Legend of Montrose. Abridged | English Odes. Kdited by FE. A. J. Mars, 
and edited by F.C. LuckuursT. 14, M.A. τὸς 


Bell’s English Classics 


: : Ξ ὰ 
son's Essays. (Sele: Edited by | Goldsmith's Good-Natured Man an 
A. ray Seer 4 a ? oe ee 58:5 Stoops = PORENEE: Edited by K. 
ἢ : lited | Ton. Each ss. 
2 ag ic ga ec ἃ 5 The eva plays nd Deserted Village. 
- ¥LA " ee . + ve er 
—— τς νον. ΠΕ ἘΣ Θ᾽ Fie ΕΒ Edited by the Rev. A. E, Woopwarp, M.A. 
Ti, 7 


Cloth, rs, 6¢., or separarely, sewed, rod, each. 
Bikes Cousiabot iy America. | trving's Satoh Book. died ty Ἐν ὦ, 
y Prof. J. Morrison. τα. 6, 


Oxennam, M.A, Sewed, rs. ae ae 
Burke's Letters on a Regicide Peace. | Johnson's Life of Addison. ted by F. 
1. KenL Edited by H. ὦ. Keene, M.A., 


Rytanp, M.A. rh py! 
CLE. ταν 6d. - | —“ Life of Pope, Edited by F. Rytann, 
Byron's Siege of Corinth. Edited by P. 


M.A. 2s, ὃ 
HorDERN. 14. * * The Lives of Swift and Pope, together, 
Byron’s Childe Harold. [Edited by | 


sewed, as. 64. j 
H. CG. Keene, M.A, CLE, 2s. Also | Johnson's Life of Milton. Edited by F. 
Cantos I. and IL, sewed, rs. Cantos IIL. 


wD, M.A. ts, Get. 
_ ite of Dryden, Edited by F. Rvtanp, 
and 1V., sewed, 15, eke | 
Cariyie$ Hero δῇ Wan. Of ig a *.* The Lives of Miltonand Dryden, together, 
Edited by Mark Hunrer, δ, 1s, δώ, 
— Hero as Divinity. By Mark Hunrser, 


— Tite of Swift. Edited by F. Rytann, 
M.A. 14, 6a. 
‘haucer’s Minor ae Selections 


from, Edited by J. EB. Br.oerveck, M.A. 


12. 6a’, 

7 ee δι Revolt of the Tartars 
“Ὁ the English Mail-Coach, Eudited 
by Cec. M. Barrow, M.A., and Marx : Σ 
Ἡπτεη, M.A. as. Longfellow, Selections from, includ- 
* Revolt of the Tartars, separately, 15, ing Evangeline. Edited by M. T. Quins, 

\ Edited by MARK M.A, «3; δ». : 

Braet ty si Gut, a 4 *,” Evangeline, separately, sewed, tod, 


i ey’s Heroes. Edited by A. E. 
gyre M.A. Ilhus, τῷ. 62. Sewed, ΓΙ 
Lamb's Essays. Selected and Edited by 

K. ει ΤΌΝ, 1, 6a 


id Ρ G. Bell & Sons! 


Bell’s English Classi. s—cuvtinued 


Macaulay's Lays of Ancient Rome. . 1 Ἶ = 9 : 
Edited ly Pp. Hornern. τς ἀν. 6. Ropes © M ΡΝ ὃς. Man. Edited by EF. 
~— Essay on Clive. Edited by Cecn. Pope, Select Ἢ Zell xk 
Sa ΕΘΟΣ ear Bat y Cecn , etean seen from. Edited by K. 
—— War of the Spanish Succession, %¢ott’s Lady of the Lake. Edited by the 
Edited by A, Ἦν, REapy. τ, Gif, Rev. A. Ἐς, Wuobwarp, M.Ay as, δή, « Tue 


. Six Cantos separately, sewed, Gd, ene 
Massinger's A New Way to Pay Old mie νιον! oh ose each, 
Debts. Edited by K. Bitar oe Ga, 5 . Bort hoe nlius Cagar. Edited by 
Mi 


: | wer, BA. (Lond, 1s, 64, 
Miiton’s Paradise Lost. BooksIII.and1V, τς. Merchant of Venice. Edtied iy 
Edited by ἢ, G. Oxesnam, M.A. τς : or T. Durr Barxery, B.A. (Lond). 1s. 6d. 
separately, sewed, rod’. each, ae ii etek Sere by T. Lure Barner, 
Milton's Paradise Regained Kuited by | Wordsworth's Exons 
aes Β Excursi I ΚΝ 
Ε. DeEIGWTON. τῇ | by ‘rT. Quix, M.A. sg i ga Edited 


Bell’s Sixpenny English Texts 
Bound in limp cloth, 6@ each. 


*Poems by John Milton. Selections from Pope. 


Pe Senne : toad Queene,’ Book 1. Poems by Gray and Co 
oems by Tennyson, te vowper. 
Selections from Byron, Plutarch’s Lives of Cesar and Cicero. 
“Maceaay’s ‘History of Engiand.’ | “Puélish Elegiacs. 
hapter 111, | “Selections {from Cha 
Gibbon's ‘Decline Pall.’ : : casi 
I. to HI. «nh Chapters | Kingsley’s Heroes. 
Lhe volumes marked with an asterisk are suppited trterleaved and boned 
ae cloth doare’e, ts. 


English Readings, 16mo. 
Burke: Selections. Edited by Biss Peery. Milton: Minor English Poems. Ἐπ 


28. Gil. 
Β : Selecti Edited by F. J. Cake by Mastin W. Sampson. ae, ὅπ. 
ἕω" Swift: Prose Selections,  Euited by 


PENTER, 28, Get, 
Coleridge : Prose Selections, Edited by | Freperick C. Preseorr. 2s, Gu, 
ieee cane ts eae  gaiteg | P@MMysom: The Princess. Edited by L. A. 
by WILLIAM STRUSK. az, SURANS A «86, 
ins n: Prose Selections. Edited by | Thackeray: English Humourists, Edited 
3, Oser τς, by Witttam Lyvox ΡΗΈΠΡΕ,, χε, διέ, 


Readers 


The Story of Peter Pan (as told in “ Th Y Rea Aili 
Peter Pan Picture Book.") With 16 ΤῊΝ | ἜΣ —_ ware 
BET ies Bas Nal ag Ot Play in Tonic inteodociory Reader Βη 
‘ τ on, ᾿ Μ a * - 
: Reader, Book [., oc. 
Alice in Wonderland. Ἐν Lnwis Car. itl, ts, Book IVs oe ad tse ee 
ae Ulostrated by Avice B. Woonwarp τε, Gt, Ay rsa ὦ 
; York Poetry Books. 3 Rooks. 
“ὦ : eS τὐρ γέμα Sense Hook for Girls. 6% each ; cloth, Be, ee hearhaihe 
By F. Four. fet. Bell’s Poetry Books. In Seven Parts. Prc 
τοῖν Readers. A new series of Literary | 3... cach Wart, paper covers} or 4d. sath 


pier ake with Coloured and other Iilus- covers. 
Ful tons. P : ; ᾿ ᾿ 
Primer 1. 34 Primer Π. μέ, | SR Hee eee ee eee by. 


= 
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Readers——consinied 
Books for Young Readers. Wiustrawd. | Bell's Reading Books, &c, —condinweit, 


6. cach, The Last of the Mohicans. 
ZEsop's Fables. | Tot and the Cat, etc, Feats on the Fiord, 


The Litth: Duke. 

Suitadle for Standards VT. and FEI, 
‘lhe Talisman. | Ivanhoe, 
Woedstock. | Oliver Twist. 

The Vicar of Wakefield, 

Lamb's ‘Tales from Shakespeare, 

Southey's Life of Nelson. 

Sir Roger de Coverley, 

Deeds that Won the Empire. 

Six to Sixteen. | Fights for the Flag, 
Bell's Supplementary Readers. Crown 

Svo. {ΠΝ τεσ. LimpCloth, δαὶ net each, 

Sultatle for Standards fli, and 1. 
Anderson's Danish Tales, 

(reat Deeds in English History 
(srimm's Tales, 
Adventures of a Donkey. 
Great Englishmen, 
Life of Coinmbus. 

Suitable for Standards 1. and P, 
Parables from Nature, 
Unele ‘Tom's Cabin, 
Swiss Family Robinson, 
Great Englishwoman, 

_ Settlers in Canada, 

Suitable for Standards V. and VI 
Masterman Ready. 
Robinsen Crusoe. 
Children of the New Forest. 


The Old Boat. House, ete. 
The Cat and the Hen, etc. | 
The Two Parrots. | The Lost Pigs. 
The Story of Three Monkeys. 
The Story of Cat. we 
Queen Bee and Busy Bee. | Gull's Crag. 
Bell’s Continuous Readers. Bound! in 
Cloth. gf. each. 
Suitable for Standard if. 
‘The Story of Peter Pan. 
The Adventures of a Donkey 
‘The Life of Columbus. 
‘The Thiee Midshipmen, 
Suitatie for Standard 1. 
Alice in Wonderland. 
The Water Babies. 
The Parables from Nature. 
Uncle Tom's Cabin. 
Robinson Crusoe. 
Suitable for Standard Τ᾽, 
‘Tom Brown's Schooldays. 
The Last of the Mohicans. 
Feats on the Fiord. 
The Little Duke. 
Hereward the Wake. 
Suitable for Standaras I. and Pri, 
The Last Days of Pompeii. 
Oliver Twist. 
The Tale of Two Cities, 


Ivanhoe. | | Tuttadle for Standards I'l. and VI1, 
J.amb's Tales from Shakespeare. | The Tatoo Ivanhoe, ἐν 
Bell’s Reading Books and Literati | Ouiver Twist. Woodstock, 


Strongly bound in Cloth, Illus | Belg Geographical Readers. By M. J. 
trated, 1s. each. BARRINGTON-Warp, M.A. 

Suitaile for Standard tf. The Child's Geography. (IUllustrared, δὴ, 
Adventures of a Donkey. The Round World, (Standard 11.) χα, 
Great Deeds in) Hinglish History, About England. (Stand. 111.) Ulus, τὸν, 4d, 
Grimm's Germ ] ales, The Care of Babies. A Reading Book 
Sige a Tales, for Girls’ Schools. Tlustrated, Cloth, as, 

πὐρρρβον yee! sit Bell's History Readers on the Con- 
Great Tnshwen. centric Mi Fully Mlustrated, 
Life of Columbus. τι; a ae : 
The Three Midshipmen, A λάρος tie = ΒΕ τς Bisons: sod 

+ = 4 ba LBs " ΕΙΣ = eal Is. ΓῚ 

a ve tolerance A Senior H istory of England. 2s. 

Lacle ‘Tom's Cabin. Abbey History Readers, Revised hy the 

Swiss Family Robinson. Rt. Rev. FL A. Gasovrr, DD. Mustrated, 

Great Englishwoimen. Early English History (to 1066). τὰς 
aoa English History (2ot6-1485) 


Children of the New Forest. 
15, Wt. 
The Tudor Pertod (1423-1603). τε, aut. 


Settlers in Canada, 

Edgeworth’s Tales, 

The Water Rabies. *The Stuart Period ἐκδον γεν. ἐς Gof 
Parables from Nature, The “Hanoveriee (Paded’ Goig atk 


ΕΥ̓ ΟΣ ἐν Statend Ῥ᾿ rs, Fe, 

Lyrica Beaty. _ Bell's History Readers, Mlustrated, 
The Story of Littl Neil. Hartly English Histery (to τοῦδ... 1, 
Masterman Ready. Stones from English History (1045-148), 
Gulliver's Travels. as, 3°, 

Kobinson Crusoe, The Tudor Period (1485-1603). 1x. ᾿ξ, 
Poor Jack. The Stuart Period (1603-1714). τὰ Gal. 
Arabian Nights, The Hanoverian Period’ (1zig-1837) 15. ty 


Oe 


G. Bell ὧ Sons' 


——e a ee 


MODERN LANGUAGES 


French and German Class Books 


Bell's French Course. By R. P. Areerron, 
Ξ ts. Get. each, 
Key to the Exercises, Part [., 62. net: 


M.A. Hlustrated, 2z Parts, 


Part U1, ἐσ, net. 
Bell's First French Reader, Ry R. Ρ. 


AtTumreron, M.A. Tllustrated, ss 

The Direct Method of Teaching French. 
By D.Mactay, M.A. and F,J.Cuxtis, Pa. 1), 

First French Book. τε. net. 

Becond French Book. rs. δι. net. 

Teacher's Handbook. ιν, net. 

Bubject Wall Picture ,Coloured). 72, Gu, 

net. 

Bell's French Picture-Cards, Edited by 
H. N. γαῖ, M.A. Two Sets of Sixteen 
Cards. Printed in Colours, with question. 
naire on the back ofeach, ταν 3. net each. 

Bell's Tl0ustrated French Eeasdersg, 
Pott 8vo, Fully Lilustrated. 

ἥν" Fuld List on application, 

French Historical Reader. By H. N. 
Apair, M.A. New Composition Supple. 
ment, ὩΣ, αὶ or without Supplement, iz. 6/, 
Supplement separately, eet net, 

Bimple French Stories, Ἦν Marc Cerri, 
Feap. 8vo, With or without Vocabulary and 
Notes. 1. 

Contes Francais. Edited, with Introdyc- 
tion and Notes, by Marc Cepet. With or 
without Vocabulary, τὰς δ, Handbook of 
Exercises and (Questionnaires, tet. 

Tales from Moliére. By Marc Crpp. 
Feap. vo. With Vecabulary and Notes, ay, 
Text only, 12. δι, 

A French Dramatic Reader. By Manx 
Cert. With Notes, Freap, Bvo. 25. 

Contes d’Hier et d'Aujourd’hui, _ Firs: 
Series. By jf. S. Normans, M.A., and 
Cryarces Rourrt-Duatas, Illustrated. ry. 6a, 
Second Series, os, 

Le Francais de France. My Madame 
VALETTE Vernet. With Illustrations. ὃς, 

Grammaire Pratique. Pour “Le Fran. 
ais de France." By Madame VALeTTE 

ERNET, το, 

Stories and Anecdotes for Translation 

into French. ly Cart Huaru. χε. 


: 


First Book of G 


French ἢ 


French Composition. By M. Kexweny, 
M.A. Cloth, Sa. 

Vocabulaire Francais, French Vocul:- 
ularies for Repetition. By J. P. Β, Mani 
CHAL, «4, 64) 

: Gasc’s French Course 
First French Book, κε, 
Second Fren 


En Get. net 


| French Fables for Beginners, i:, 


oe ee etInstructives, ww. 
Tacti Guide to Moc 

convention ΟΝ Modern French 
French sootry for the Young, With 


Motes, 


By the Rev. A.C. Cla 


Trammar for Publis Schools. 
2s. Of, Key, 35, Gc, net, 


ich, 29. tuft. Ke 


4h net 


| A German Grammar for Public Schools, 


2. OF. 
ASpanish Primer. τς. 
Bell's First German Course. By L, Π. T. 


Agta A me As. of 
‘a First German Reader, Ἐν a kT, 
Cuatrrey, MAL MWhustrated. 25 tiga 


German Histo: ΤΣ 
MALiIn, A oe Reader. By J. E. 
Schultag eines 


if Eadtted hy 

ustrated, 2%, Gi,” 

Materials for German Prose Com. 

Ῥοβιύσῃ, ἐν τὸ c τ ΠΌΡΕ HEM, as. Gay’, 

ey fo Parts 1. am +) 3. ἢ 

IVT. and [V., ax. net. oP soak als 

Prose. Beinz 

Parts |. and 11, of the above, with 
ware la er’, 

urzer Leitfaden der Deutschen Dich. 

tung. By A. E. Cor. as, δι ΡΝ 


Gase’s French Dictionaries 


plement of New Words. Large 8vo 12s. 


CONCISE FRENCH DICTIONARY. 


FRENCH ENGLISH AND ENGLISH-FREN 


oH DICTIONARY. New F 


Medium τῆπιο. 
POCKET DICTIONARY OF THE FRENCH AND ENGLISH LANGUAGES. 
LITTLE GEM FRENCH DICTIONARY. Narrow Svo. 2. Met, 


dition with Sup. 


3. Gf, Orin Two Parts 


22. ancl), 


téma. or. Ge, 
Limp Leather, 25. pet, 


Bell's French 
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“Beopeh and German Annotated Editions 


Plays, (Based on Gombert's | 
French Drama.) Edited by Marc Cerri. 
Paper, 6¢.; cloth, Ba. 
Firs? Polsmes : ok = 
Moliere, Le Tartuffe. — vare. — 
Misanthrope. 
Racine. Les Ploidures. 


Voltaire. ‘Zaire. 
Corneille. Le Cid. 
, Drama. Re-edited, 


eNotes, by F. E. A. ὅλος. Sewed, 
| I 
. Le Misanthrope.—L'Avare.—Le 
ἀν Sec eois Gentilhomme,—Le ‘Tartuffe.— 
Le Malade Imaginaire—Les Femmes 
Savantes.—Les Fourberies de Scapm.— 
Les Précieuses Ridicules.—L Ecole des 
Femmes. —L'EcoledesMaris.—Le Médecin 
Malgré Loi. te 
acin La Thébaide.—Les Plaideurs,— 
me teenie. — Britannicus. — Phédre, — 
ein, Atala. 
Corneille, Le Cid.—Horace.—Cinna.— 
Polyeucte. 
Voltaire. Zalre. 


Fimelon, Aventures de Télémaque, By 
C. J. Dentin. as. Ge. 


La Fontaine. Select Fables. By F. EB. A. 


Gase. uf, 6a. 
ΕΠ . Le Tailleur de Pierres de Saint- 
Point. Hy 1. Hoiecne, D.-ts-L. αὶ δὴ, 


Baintine. Ficciola. By Dr. Dvusve. 
τι, 


Voltaire, Charles XII. 
ts. δ. 


German Ballads from Uhland, Goethe, 


By L. Diney. 


and Schiller. By C. L. DveLerx.n. 
ts, Gd. 
Gocthe. Hermann und Dorothea. By Τὰ 


ts. Ge. 
By Prof. 


Bett, M.A., and E. Wore. 
) \ Minna von Rarnhelm. 
A. Β. Nicos. 25. δᾶ 
hilier, Wallenstein. Py Dr Bucuiem. 
5" Or the Lager and Plescisntnt as, δᾶ, 
Wallenstein’s Tod, 2: 6d. 
— Maid of Orleans. By Dr. W. Wacnen. 
τι, δά, 
—— Maria Stuart. By V. Rastnex τε 6d, 


Bell’s Modern Translations 
A Series of Translations from Modern Languages, with Memoirs, Introductions, etc, 


Crown $vo. 


Dante. Inferno. Translated by the Rev, 
H. F. Carv, M.A, 

—- Purgatorio, Translated by the Rev. 
H. F. Cary, M.A. 
— Paradiso, Translated by the Rev. H. F. 

Cary, M.A. 
Goethe, Egmont. Translated by ANNA 
SWANWICK. 


_— Iphigenia in Tauris. Translated by ANNA 


SwWaANWICkK. 


—— Goetz von Berlichingen. Translated by 
Sir WALTER 


—— Hermann and Dorothea. Translated by 
FE. A. Bowrine, CB. 
Houff. The Caravan. 
Be ™ in the Spessart. Translated by 

S. MENDEL. 
Lessing. Lackoon. Translated by E. GCG 


HRASLEY. 
— Minna von Barmbhelm. 


Ernest Beut, M.A. 


Translated by 5. 


Translated by 


ts. each. 
Lessing, Nathan the Wise. Translated by 
R. πον Boyan. 
liére, Translated by Γι Heron Watt. 
ay cer The Misanthbrope.—The Doctor in 
ite of Himeeléi.—Tartuffe.—The Miser. — 
The Singemre turned =Gentleman.—The 
Affected Ladies. —The Learned Women.— 
The Impostures of Scapin. 
acine, Translated by R. Bruce Boswent 
nse vols. Athalie.—Esther,—Iphi. 
genia.—Andromache, — Britannicus. 
Schiller, Wilham Tell. Translated by Sir 
Tueopore Martis, K.C.B., LL.D. Mew 
Edition, entirely revised. 
—The Maid of Orleans. Translated by 
ANNA SWANWICK, 
——MaryStwart. Translated by J. Mertisu., 
—- Wallenstein’s Camp and the Piccolomini, 
Translated by J. Caurcuie and 8, Ty 
COLERIDGE. é 
—— The Death of Wallenstein. 
by 5. Τὶ CoLinipce,. 


Translated 


ὁ. © for other Translations from Modern Languages, see the Catalogue of Bohn's 
᾿ | Libraries, uich will be forwarded on aff iication, 


14 G. Pell & Sons 


SCIENCE AND TECHNOLOGY 


Detailed Catalosue sent on application 


Elementary Botany ht - " - a 

MA iGo Ble” wit ΡΕΟῪ Groom ‘ 

_ oe D.Sc, FLLS. With 275 MWustrations, aipmentary oeanio Chemistry. By 
Elementary Botany. By G. F. Ariixsex Introduction to Inorgar co 38. 6d, 
Gates Gs - F. AT&ixson, tow Se ee phy eet grinds 

— or schools ry Outlin 71. Ol, 4 


ῃ try. Li Dr. ΑἹ ἈΝ κεν ἔτι 1. 
Practical Plant Physiology. ἢ δή. net. | General Chemistry for Collese ies ul. 


ΤΟΝ By Bren. yy ; ω l 
muck Keitere, M.A, Crown 8vo, Sah ad Dr, AGEXANDER Salirn, 6s. fo, et, = 


A Laboratory Course in Plant Physio- ic or aa Cre in Physical 


logy. By W.F. Gaxoxa, ΡῈ Ὁ - Hy J. F. Sr ; 
bls ον, -GanonG, ΡΒ. 1} χε, 6d. net. Pub. oC : EXceR, .90. 
The Botanist’s Pocket-Book. pi 8 own 8vo, νος as. 6d pach 
+ flew Ἦν W. A Text. , Re ee 
in Jaton rea by Ὁ. Ὁ. Druce. 4h Wat. A Neves, penis Chemistry, Ὗ 
roduction to the Study of the | : ears’ Course 
ear ari ᾿ ee: Anatony of A 1818. ἘΜ gel By Janus τ ΤΣ ΦΈΛΘΉΘΑΙ 
numerous Hlustrations, ν Vols | «A College Text. 
t So ee Organization, The Pro- A. 1, rol rmartog® ease. ef 
“Vol ἢ pita; ei Revised Edition, 6%, The Princ; | ‘= nstrated, 
A Manual of Zoology. liv Ractavs Maui aples Of Physics, By W. F, 
wig, ‘Translated * Prot Ἷ αἴθε ὧν Ηκατ- Practical Eleateinn 7s. Od. net. 
De Re oes 
x il Insects, An litro- ook of Gas Manufacture fo. 
cuca yeh egoamis ence | Seagate, J, Hom Rented 
Be Ὁ. . bn 1) ἍΜΑ. FoR ἢ ve) red. F 5 
With roo ilustrations, ὡς a ALL, F.RLS, Turbines. hy τ ion net ae 
om Service Evo. Si. net. + STUART GARNETT, 


emistry tion Papers: lectrona 

Practical Faners, Theoretical and | aed | By Sir ὕμνει Longe, és net. 

πο By ach Newros. os | nes and Boilers. ἢν We tien” 

A First Year's Course of Chemis | Crown 8vo, Numerous Illus... ας 6d" soe” 
Jamus Stnciain. τι, δη, nistry. By | Exercises in Metal Work. fy δὲν Net, 

An Introduction to Chemistry, 1: i Kersey, ARCS: C By MT, J. 
MaAcN ΜΝ . By D.S. Practic. Town Bvo, τὰς 6d, net 
Macxaik, Pu.D., BSc. 25, actical Wood Carving for Technical 

| Classes, By F. P, Devry, 


=f. 6d, 


Technological Handbooks 
Edited by Sir Il. TruEMAN Woop 


Specially adapted for candidates in ἃ 
ates the examinati ἃ 
Toettranes jie of the City and Guilds 


Woollen and Worsted Cloth Manufac | 
ture, By Prof. Roumrrs Beaunon'r, i re Sere Its Development, 
[Newt ΑΓ ἴον in preparation. ΠΝ, gra Practice, By KR. Mans. 


eo PIC Re. Ry W. Lawrence | Cotton Weaving: Its Devel 
Plumbing: We Srincinlee ana Practice, | _ Britny ad Fraction. Ty Nas 
athe x cas eee By G, H. | - Mine By Joux Pruirson, 

ting, A Practical Treatis 0. ing. By J. W. 3 a 
Jacon. 7s. 6a, al Treatise, By C.T. | The Principles / . CABHNSDORF, ee 
ay 


Music 


usic, A Complete Text- 
Prof, H. C. BanisTER, oon Cheon met: A, Contes 


Edition, gs. Sa, Ry Rew, 


Η. ἐν Doxavi ᾿ οἵ. 
- i Π A ΗΝ i vee ~ ts εἰ 
andCheaper Edition, as, ee ee 
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HISTORY 


Catalogue of Historical Books sent fost free on application 


Lingard’s History of England. Abridged A Senior History of England. iy A. 


and Continued by Dom H. N. Bier. pa McKiitam, M.A. Crown §vo. Illus. 2s. 
a Preface by Annor Gasquet, D.D. New ways of the World. fy A. F. 
Fidition. ith Maps. 3. 6d.; or in 2 vols. Mtokits ian, M.A. Second Edition, Ke- 
Vol. 1. {to 1425), SF. ἵ ol. 11 (1485-191 2). 25. vine, Crown Pana, With Mayes aril 


An Introduction to English Industrial Hiustrations. ταν δεῖ, 
Ἐν ΣΡ ΩΝ By Henry Atcsopr, HA. 28. A Social History of England. By 


nate Grose Guest, Crown ἅν, With many 
ἘπῈ Res ee ry ice Books. | ers Hiust ations. τα. Grd, : 
wv ἃ, E. Wixvowr, ALA. and KRENS 
Fiewt, M.A. rt. net each. English Church History to AD. 1000. 
‘ : = iy W. H. Foecxer, M.A., D.C.L. os. Sef 
4aq- 1066, The Welding of the Race. Evlited ; 
by Rev. Jonn Watts, M.A. 
vob τς. The Normans in England. 
Edited by A, BE. ΠΑ κα, M.A, ' ' ‘ 
rieg-a216, ‘The Angevins and the Charter. Ancient for Schools, Py E. 
Editedy ἃ. M. Tovxe, M.A. Nixon and H.R. Sree.. 2s. 
1216-1307. The Growth of Parlinment. | Strickland’s Lives of the Queens of 
Edited by W. D. Ronisox. and. 6vols. ss. each. 


Civil Service Examination Papers: 
I story Questions. By A. Prescivar 
Nuwron, M.A. τ, 


2207-190 War and Misrule Edited by δ ἡ Abridged edition for Schools, 6s, Gut. 
A. A, Locks. : andmarks in the History of Europe. 
1999-1495. The Last of Feudalism, Falited Lan KE. M. Rrcwarpson, B. ego ἄνω, δε. 


W, Garon Jones, M.A. : 
colt The Reformation and the Re- | Building of the British Empire. 19) 


naissance. Edited by Ἐς W. Buwsien E. M. Ricnarnson, TA. παν Oe, } 
rsq7-t€03. The Age of Elizabeth. Edited An Atlas of European History. Ey 
Arunxoeut. Esnar.e, M.A. ἔλεε W. Dow. δὲ. net. 
1603-1650. Puritanism and Liberty. Edited The Foundations of Modern Eurove. 
| By Dr. Est. Reicy, 58. tet. 


ted by Kexweri Beut, M.A. 5 
1660-1714. A Constitution in Making. er’s History of Modern Europe. 
Dyer ied throughaut by ArrHur ILAssatt, 


Kdited by G, B. Prrker, MA. 
a Sar yee and Chatham, Edited M.A. 6vols, With Maps. 3s. 6¢. each, 
ce Manele Life of Napoleon I. Py Joux Hottaxo 
1760-7801. American Independence and “aye on. ΑΞ οὶ J sit 
Carlyle’s French Revolution. [dited 


the French Revolution. Edited by 
Ss. E. Wieeowt, M.A. 


yo1-1815. England and Napoleon. Edited | by J. Hontasy Rose, Lit.D. 3 vols. 
by 5. BE. νοῦν, M.A. : With numerous illustrations, 15. net each. 

1815-1837: Peace and Reform, Edited by | ytignet'’s History of the French Revo- 
A.C. W, Howarns, lution, from 17fg to 14. 15, net. 


1926-1876. From Palmerston to Disraeli. 
Edited by Ewine H axorse, B.A. 
1876-1887. ἘΒΟΟΗ͂ΝΟΝΟΝ ΜΙ Mr. Gladstone. 
Hy BR. H. Geerros, M.A. ; | 
1535-1913- Canada. Ἔν James Μυκχπο. Tr bers History -y of Germany. 3 vols. 
Medimval England: 1066-1485. A Prame- | anke’s History of the Popes, Trans- 
work of History, By 8. M, Tovn, M.A, ae by Τὸ, δια New dition, Re- 
Crown Gva, τ net. | vised. vols. 1s, net each. 
rst Lessons in English History. | Ranke's History of the Latin and 
Lliustrated. 41s. Teutonic Nations. Revised Peanslation 
History of Ἐ ἃ, By E. by Ὁ. Ε. Dexsrs, B.A. ith an Introdec- 
+ ae silastrated. 15. δ, / tion by Epwarv ArmsTRonG, M.A. 6s, net. 


Select Historical Documents of tle 


Middle Sees. Translated and edited by 
Exxest F. Hexoexsos, Px.D. 5s. 


Bohn’s 
Popular Library 


THE PIONEER SERIES OF CHEAP REPRINTS IN NEW AND 
DISTINCTIVE FORMAT. 


First List of 40 Volumes. | Strongly bound in Cloth. 


One Shilling Net. 


1, SWIFT (J.) Guiwiver’s TRAVELS. 
2-4, MOTLEY (J. L.) Rist of Tur Durcu Repose. 3 vols. 
5-6. EMERSON (ἢ. W.) Works: Vol. I.—Essays and Representative 
Men. Vol. 1I,.—English Traits, Nature, and Conduct of Life. 
7-8. BURTON (Sir BR.) Pitcrimace TO AL-MADINAH AND MEcca. 
2 vols. 
9. LAMB (0.) Essays or ΕἼΤΑ and Last Essays or τα. 
10. HOOPER (G.) Wartertoo: The Downfall of the First Napoleon. 
11. FIELDING (H.) Josern ANpDREWs. 
12-18. CERVANTES. Don QuixorTr. 2 vols. 
14, CALVERLEY (C.8.) Tue Ipyits or THeocritvs with Tue 
EcLoGues OF VIRGIL. 
15, BURNEY (F.) Evetrna. 
16. COLERIDGE (8.T.) Arps To ReFrLecrion. 
17-18. GOETHE, ΤΌΒΤΕΥ anp TrutH FROM My Oww ΠΙΡΕ. 2 vols. 
19, EBER3 (Georg), An EcypTian PRINCESS. 
20, YOUNG (Arthur), TRAVELS TN FRANCE, 
21-22. BURNEY (F.) Tue Earrty Diary or Frances Burney (Madame 
| D'Arblay), 1765-1778. 2 vols. 
20-25, CARLYLE’S History or tHe French ReEvoLvrion,  Introduc- 
tion ond Notes by J. Holland Rose, Litt.D. 3 vols. 
26-27. EMERSON (BR. W.) Works, Vol. IIJ.—Society and Solitude; 
Letters and So¢ial Aims; Addresses. Vol. 1V.—Miscellaneous Pieces. 
28-29, FIELDING (H.) Tom Jones. 2 vols. 
90, JAMESON (Mrs.) SHAKESPEARE’S HEROINES. 
3l. MARCUS AURELIUS ANTONINUS, Tue Tuovents or. 
Translated by George Long, M.A. 
32. MIGNET'S History of the French Revo.vrion, from 1780 to 1814. 
33-35. MONTAIGNE, Essays. Cotton's Translation. 3 vols. 
36-38. RANKE. History oF THE Popes. Mrs. Foster's Translation. 3 vols. 
99. ee (Anthony). THe WARDEN. Introduction by Frederic 
LALTISOn, 
40. TROLLOPE (Anthony). Barcunster Towers, 
Others in active preparation, 


WRITE TO-DAY for «a copy of the prospectus containing a eg f of 
the famous ΒΟΉ π᾿ Libraries from their inauguration to the present day. 


G. BELI. AND SONS, LTD., PORTUGAL STREET, LONDON, W.C, 


---- 


ie 
a 


= 
᾿ 


a 


— « - 


᾿ 
ΠῚ Ὡ 
= :Σ 
ὲ ws e 
Μ 
= 
᾿ 


πὰ 


᾿ ᾿ 


“ 
᾿ 

= 

ἊΣ 
ii st 
= 
ῃ 
᾿ 4 


i 
᾿ 


: 


ΤΥ ΠῚ ΤΠ 


ἐς 


a 


ὯΝ, it Ϊ 


Mi 


" 


vit 


iy 
i) 


